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PKEFACE 


TO 


THE ENGLISH E D I T I O N. 


Since my return from tlie United States I have sought, 
by additions and emendations of various kinds, to 
render these Lectures more useful to my readers on 
both sides of the Atlantic. 

John Tyndall. 


Koyal Institution: 
June 1873. 




P BE FACE. 


Mr eminent friend Professor Joseph Hexby, of the 
Smithsonian Institution, Washington, did me the 
honour of taking these lectures under his personal 
direction, and of arranging the times and places at 
wliich they were to be delivered. 

Believing that my home duties could hardly be 
suspended for a longer period, I did not, at tlie outset, 
expect to be able to prolong my visit to the United 
States beyond the end of 1872. 

Thus limited as to time, Professor Henry began 
in the North, and, proceeding southwards, arranged 
for the successive delivery of the lectures in Boston, 
New York, Philadelphia, Baltimore, and Washington. 

By this arrangement, which circumstances ait the 
time rendered unavoidable, the lectures in New York 
would have been rendered coincident with the period of 
the presidential election. This was deemed unsatisfac- 
tory, and the fact being represented to me, I at once 
offered to extend the time of my visit so as to make the 
lectures in New York succeed those in Wasliington. 
The proposition was cordially accepted by my friends. 

To me personally this modified arrangement has 
proved both pleasant and beneficial. It gave me a 
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mucli-needed and delightful holiday at Niagara Falls ; 
it, moreoYer, rendered the successive stages of my 
work a kind of groivtli^ which reached its most im- 
pressive development in New York and Brooklyn. 

My reception tliroiigliout lias been tliat of a friend 
by friends ; and now that my visit has become virtually 
a thing of the past, I look back upon it as a memory 
without a single stain of unpleasantness. Excepting 
one inexorable event, nothing has occurred that I could 
wish not to have occurred ; wliile from beginning to 
end I liavc been met by expressions of good-will on the 
part of tlie American people never, on my part, to be 
forgotten. Indeed, ^ good-will ’ is not the w^ord to ex- 
jness the kindness manifested towards me in the United 
States. 

Would that it had been in my power to meet the wishes 
of my friends more completely, by responding to the invi- 
tations sent to mo from thegreat cities of the Interior and 
the West. But the cliaracter of the lectures, and their 
weight of instrumental appliances, involved such lieavy 
labour that the need of rest alone would be a sufficient 
reason for my f)ausing here. Besides this, eacli succes- 
sive mail from London brings me intelligence of work 
suspended and duties postponed througli my absence. 

The Royal Institution possesses an honorary secretary 
who lias devoted tlie best 3^ears of an active professional 
life and the best energies of a strong man to its 
interests. And if anything of the kind sliould ever he 
founded here, the heartiest wish that I could offer for 
its success would be, tliat it may be served with the 
singleness of purpose, and self-sacrificing love, bestowed 
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by its managers and its members on the Royal Institu- 
tion; and by none more unceasingly than by Dr. 

Jones. But he, on wlioiii I might rely, is now smitten 
down by a distressing illness;^ and, though others are 
willing to aid me in all possible ways, there can bo no 
doubt as to my line of duty. I oiiglit to bo at home. 
I ask my friends in the Interior and the West to take 
these things into consideration ; and to think of mo not 
as one insensible to their kindness, but as one who, witli 
a warrntli commensurate with their own, would comjdy 
with all their wishes if he could. 

One other related point deserves mention. On quit- 
ting England I had no intention of puldishing these 
lectures, and, except a fragment or two, they were wliolly 
unwritten when I arrived in this city. Since that time, 
besides lecturing in New York, Brooklyn, and New 
Haven, the lectures have been written out and carried 
through the Press. No doubt many evidences of the 
rapidity of their production will appear ; but I thouglit 
it due to those who listened to them with such un- 
wavering attention, as also to those wdio wislied to liear 
them, but were unable to do so, to leave them behind mo 
in an approximately authentic form. Tlie constant 
application which this work rendeied necessary lias 
cut me off from many social pleasures; it has pre- 
vented me from making myself acquainted with the 
working of institutions in which I feel a deep interest, 
and from availing myself of the generous hospitality 
ofiered to me by the clubs of New York. In short, it 

* He (lied, working for the Institution to the lust, on Sunday morning, 
April 20, 1873. 
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has made me an iinsociahlo man. But, finding* social 
pleasure and liai'd work incompatible, I took the line 
of devoting such energy asj could command, not to 
tlie society of my intimate friends alone, but to tne 
people of tlie United (States. 

In the opening lecture are mentioned the names of 
gentlemen to whom I am under lasting obligations for 
their friendly and often laborious aid. The list might 
readily be extended, for in every city I have visited 
willing helpers were at hand. I must not, however,, 
t)mit the name of Mr. liiiEES, Professor Henkt’s private 
st:cretary, who not only in Washington, but in Boston, 
gave me most important assistance. To the Trustees 
of t he Cooper Institute my acknowledgments are due ; 
and to the Directors of the Mercantile Library <at 
Brooklyn. I would add to these a brief but grateful 
reference to my liigli-minded friend and kinsman 
General Hector Tvkdale, for his long-continued care of 
me, and ftir the thoughi fid tenderness by which he and 
his family softened, both to mo and to the parents of 
the youth, the pain occasioned by the death of my 
junior assistant in Philadelphia. 

1^'inally, I have to mention with wiirm commendation 
the integrity, ability, and devotion with which, from 
tirst to last, I have been aided by my principal assistant, 
Mr. .John Coxtkeij.. 

John Ttndaix. 


New York : February 1873. 
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LECTUEE L 

INTRODUCTORY -USES OF KXPKRIAIKNT EARTA' SCIKXTIFIC NOTIONS 

SCIENCES OK OBSERVATION '-•KNOWLEDGE OF THE ANCIENTS RK<!ARD- 

ING LIGHT NATURE JUDGED FROM THEORY DFJ'ECTIVE DEFECTS OF 

THE EYE— OUB INSTRUMENTS RECTILINEAL rROPAGATlON OF LIGHT — 

IwAWOK INCIDENCE AND REFLECTION — STERILITY OF THE MIDDLE AGES 

REFRACTION — DISCOVERY OF SNELL— PARTIAL AND TOTAL REFLECTION 

VELOCITY OF LIGHT — IKEMKR, BRAIfLKY, FOUCAULT, AND ITZF-AU 

PBINCIPLK OF LEAST ACTION — DESCARTES AND THJ5 RAINltOW--NE\V- 
TON’s experiments on THE COMPOSITION OF SOLAR LIGHT - HIS MIS- 
TAKE AS REGARDS ACHROMATISM SYNTHESIS OF WHl’I’K LIGH F YELLOW 

AND BLUE LIGHTS PRODUCE WHITE BY TlIEIJt MIXTURE lOLOURS OF 

NATURAL BODIES ABSORPTION — MIXTURE OF PIGMENTS (‘<.»NTIiASTKD 

WITH MIXTURE OF LIGHTS. 

S OME twelve years ago I pu})lislicd, in England, a 
little book entitled the ‘Glaciers of tlie Alps,’ and, 
a couple of years subsequently, a screen d volume, en- 
titled ‘ Heat as a Mode of Motion.’ Tliese volumes were 

c 

followed by others, written with equal plainness, andwith 
a similar aim, that aim being to develop and deepen 
sympathy between science .and the world outside of 
science. I agreed with thoughtful men ^ who deemed 
it good for neither world to be isolated from the other, 
or unsympathetic towards the other, and, to lessen 
this isolation, at least in one department of science, I 

^ Among whom may ho mentioned, especially, the late Sir Edmund 
Head, 15art., with whom I had many conversations on this subject. 

B 
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swerved aside from those original researches which had 
previously been the pursuit and pletisure of iny life. 

The works here referred ta were, for the most part, 
republished by the Messrs. Appleton of New York,^ 
under the auspices of a man who is untiring in his®^ 
efforts to diffuse sound scientific knowledge among the 
people of the United States; whose energy, ability, 
and single-mindedness, in the prosecution of an arduous 
task, have won for him the sympathy and support 
of many of us in ^the old country.’ I allude to 
Professor Youmans. Quite as rapidly as in England, 
the aim of these works was understood and appreciated 
in the United States, and they brought me fro^j t^bis 
side of tJic Atlantic innumerable evidences of ;^6d- 
will. Year after year invitations reached me'^ to 
visit America, and last year I was honoured with a 
request so cordial, and signed by fivorand-twenty 
names so distinguished in science, in lifeei^tiire, and 
in administrative position, that I at once resolved to 
respond to it by braving not only the disquieting 
oscillations of the Atlantic, but the far more disquiet- 
ing ordeal of appearing in person before the people of 
the United States. 

Tins invitation, conveyed to me by my accom- 
plished friend Professor Lesley, of Philadelphia, and 
preceded by a letter of the same purport from your 
scientific Nestor, tlie celebrated Joseph Henry, of ^^ 
Washington, desired that I would lecture in some 

the principal cities of the Union. This I agi-eed to 

m 

^ At whose hjiTids it gives me pleasure to state I have always ex- 
perienced honourable aud liberal treiitment. : ^ 

2 One of the earliest of these came from Mr. John Amory Lowell, of 
Boston. 
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do, though much in. the dark as to a suitable subject. 
In answer to my inquiries, however, I was given to 
understand that a course of lectures showing the uses of 
experiment in the cuftivation of Natural Knowledge 
would materially promote scientific education in this 
country. And though such lectures involved the selec- 
tion of weighty and delicate instruments, and their 
transfer from place to place, I at once resolved to 
meet the wishes of my friends as ftir as the time and 
means at my disposal woidd allow. 

Experiments have two great uses — a use in dis- 
covery and verification, and a use in tuition. Tluy 
were long ago defined as the investigator’s language 
addressed to Nature, and to which she sends intelligible 
replies, Th(5ae replies, however, usually reach the ques- 
tioner in whispers too feeble for the public ear. lint 
after, the discoverer comes the teacher, whoso function 
it is so tp exalt and modify the experiiiumts of his pre- 
decessor as to render them fit for public jneseiitati on. 
Tins secondary function I shall endeavour, in tlie present 
instance, to fulfil. 

I propose to take a single department of natural 
philosophy, and illustrate, by means of it, the growth 
of scientific knowledge under the guidance of exptvri- 
Uient. I wish, in this first lecture, to make you 
acquainted with certain elementary phenomena ; then 
■to point out to you how those theoretic principles by 
which phenomena are explained, take root, anfl flourish 
in the liuman mind, and afterwards to apply these prin- 
ciples to the whole body of knowledge covered by the 
lectures. The science of optics lends itself to this 
mode of treatment, and on it, therefore, I propose to 
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draw for tlie materials of the present course. It will 
be best to begin with the few simple fixcts regarding 
light whicli Avere known to tlie ancients, and to pass 
from them in historic gradatioA to the more abstruse 
discoveries of modern times. 

All our notions of Nature, however exalted or how- 
ever grotesque, have some foundation in experience. 
Tlie notion of personal volition in Nature had tins basis, 
lb tlie fury and the serenity of natural phenomena the 
savage saw the transcript of his own varying moods, 
and he accordingly ascribed tlieso jihenomeiia to beings 
of like passions Avith himself, but vastly transcending 
lum in power. Thus the notion of ammlUy — the as- 
sumption that natural things did not come of them- 
selves, but had unseen antecedents — lay at tJie root of 
even the savage’s interpretation of Nature. Out of 
this bias of th(> human mind to seek for the ante- 
cedents of plienomena all science has sprung. 

We will not noAv go liack to man’s first intellectual 
gropings ; much less shall Ave enter upon the thorny dis- 
cussion as to how the groping man arose. We will take 
him at a certain stage of his deA^olojiment, Avlien, by evo- 
lution or sudden endowment, lu'. liecamo possessed of tlio 
apparatus of thought and the powtu* of using it. For 
a time — and that historically a long one — he AA^as limited 
to mei*e oliservation, accepting Avhat Nature ofFer(>d, 
and contining intellectual action to it alone. The ap- 
parent motions of sun and first drcAv toAvards them 
the questionings of the intellect, and accordingijT- astro- 
nomy was the first science developed. Slowly, and with 
difficulty, the notion of natural forces took root in the 
human mind. No such notion, I may remark, is spon- 
taneously generated, and the seedling of this one was the 
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actual observation of electric and magnetic attractions 
and repulsions. Slowly, and with difficulty, the science 
of mechanics had to grow out of tljis notion ; and slowly 
at last camo the full af»plication of mechanical princi- 
ples to the motions of the heavenly bodies. We trace 
the progress of astronomy througli Hipparchus and 
Ptolemy ; and, after a long halt, through Copernicus, 
Galileo, Tycho Brahe, and Kepler; while from the high 
table-land of thought raised by these m(?n Newton shoots 
upward like a p(^ak, owrlooking all others from his 
dominant elevation. 

But other objects than the motions of the stars at- 
tracted the attention of the ancient worhl. liight was 
a familiar phenomenon, and from the earliest times we 
find men’s minds busy wit h the attempt to riaider some 
account of it. But without experiment, whicli lielongs 
to a later stage of scientific development, little progress 
could he made in this subject. The ancients, aecord- 
ingly, were far less .successful in dealing with light 
tlian in dealing with solar and stellar motions. Still 
tliey did make some progres.s. Tliey .satisfied them- 
selves that light moved in straight lines ; they knew 
also that light was reflected from polished .surfaces, and 
that the angle of incidence of the of light was 

ecpial to the angle of reflection. These two results of 
ancient scientific curiosity constitute the starting-point 
of our present course of lectures. 

But in the flrst place it will be useful to say a few 
words regarding the source of light to l)e employed in 
our experiments. The riLsting of iron is, to all intents 
and purposes, the slow burning of iron. It develops 
heat, and, if the heat be preserved, a high temperature 
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may be tlms attained. The destruction of the first 
Atlantic cable was probably due to lieat developed in 
this way. Other metals are still more combustible 
than iron. You may light strips of zinc in a candle 
flame, and cause tliem to burn almost like strips of 
paper. But we must now expand our definition of 
combustion, including under this term not only com- 
bustion in air, but also combustion in liquids. Water, 
for example, contains a store of oxygen, which may 
unite with and consume a metal immersed in it ; it is 
from this kind of combustion that wo are to derive tlie 
heat and light employed in our present cours(\ 

The g(m(*ration of this light find of this l)()at merits 
a monuuit’s attention. Btdbre you is an instrument — 
a small voltaic battery — in whidi zinc is immersed in 
a suitalde liquid. An attractive force is at this 
monunt exerted b('tween the metal and the oxygen 
of the lupiid, actual union, liowever, being in tin? 
first instance avoided. Uniting the two ends of the 
battery by a. thick wire, tlie attraction is satisfied, 
the oxygcm unites with the metal, zinc is consumed, 
and heat, as usual, is the result of tlu^ eombustion. A 
power whicli, for want of a better name, we call an 
electric, current, passes at the same time tlirougli tlie 
wire. 

Cutting the tliick wire in two, let the severed ends 
b(‘ united by a thin one. It glo\ys with a white lieat. 
Wlionce comes that heat ? Tlie (jiiestion is well worthy 
of an answer. Suppose in the first instance, when 
the thick wire is employed, that we permit the action 
to continue until 100 grains of zinc are consumed, the 
amount of heat generated in the battery would be 
capable of accurate numerical expression. Let the 
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action then continue, with the thin wire glowing, until 
100 grains of zinc are consumed. Will the amount of 
heat generated in tlic battery be tlie same as before ? 
No, it will be less by tiie precise amount generated in 
the thin wire outside tlie battery. In fact, by adding 
the internal heat to the external, we obtain for the 
combustion of 100 grains of zinc a total which never 
varies. We have here a beautiful example of that law of 
constancy as regards natural energies, the establishment 
of which is the greatest achievement of modern scientific 
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pliilosophy. Ey this arrangement, then, we are able to 
burn our zinc at one place, and to exhibit the effects 
of its combustion at a distant place. In New York, foa* 
example, we may have our grate and fuel ; but the beat 
and light of our fire may be made to appear at 8an 
Francisco. 

Eemoving the thin wire and attaching to the severed 
ends of the thick one two rods of coke, we obtain on 
bringing the rods together (as in fig. 1 ), a small star of 
light. Now, the light to be employed in our lectures 
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ii3 a simple exaggeration of this star. Instead of being 
produced by ten cells, it is produced by fifty. Placed 
in a suitable camera, provided witli a suitable lens, 
tins powerful source will give us* all the light necessary 
for our experiments. 

And here, in passing, I am reminded of the common 
delusion that the works of Nature, the human eye 
included, are theoretically perfect. Tlie eye has 
grown for ages t<rw(trds perfection ; but ages of per- 
may be still before it. Looking at the 
dazzling liglit from our large battery, I see a luminous 
globe, but entirely fail to sec the shape of the coke- 
points whence the light issues. Th<; cause may be thus 
made clear : On the screen before you is projected an 
image of the carbon points, the whole of the lens in 
front of tluf oaiiKun being employed to form the image. 
It is nut sharp, but surrounded by a halo wliicli nearly 
obliterates the carbons. This arises from an imperfec- 
tion of tlie lens, called its sphenctd ahemdioii^ dut‘ to 
the fact that the circiinifereiitial ami central rays have 
not the same focus. The human eye labours under a 
similar defect, and from this and other causes it arises 
that when the naked light from fifty ctdls is looked at, 
the blur ef liglit upon the retina is sufficient to destroy 
tlie definition of the retinal image of the carbons. A 
long list of indictim'iits might indeed be brought against 
the eye — its opacity, its want of symmetry, its lack of 
achromatism, its absolute blindness, in part. All these 
taken togetluir caused Helmholtz to say that, if any 
o{>tician sent him afi instrument so full of defects, he 
would be justified in sending it back with the severest 
censure. But the eye is not to be judged from the 
stand-point of theory. It is not perfect, as I have said. 
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blit dn its way to perfection. As a practical instrument, 
and taking the adjustments by which its defects are 
neutralized into account, it must ever remain a marvel 
to the reflecting mind,* 

Tlje ancients, then, were aware of the rectilineal pro- 
pagation of light. They knew that an opaque body, 
placed between the eye and a point of light, intercepted 
the light of tlie point. Possibly tlie terms ^ ray’ and 
‘beam’ may have been suggesttHl by those straigijt 
spokes of light wliich, in certain states of the atmos- 
phere, dart from the sun at his rising and his setting. 
The rectilineal propagation of light may be illustrated 
at home by permitting the solar light to enter by a 
small ap63rture in a window shutter a dark room in which 
a little smoke has been diffused. In pur(3 air you can- 
not see the beam, but in smoke you can, because 
tlie light, which passes unseen throngli the air, is scat- 
tered and revealed by the smoker particles, among which 
the beam pursues a straight course. 

Or proceed in tins way : Make a small hole in a closed 
window-shutter, before which stands a house or a tree, and 
place with in the darkened room a white screen at some di s- 
tance from the orifice. Every straight ray proctiedingfrom 
the house or tree stamps its colour upon the screen, and 
the sum of all the rays will, therefore, be an image of 
the object. But, as tlie rays cross each other at tlie orifice, 
the image is inverted. At present we may illustrate and 
expand the subject thus : In front of our camera is a 
large opening (L, fig. 2), from which the lens has been 
removed, and which is closed at present by a sheet of tin- 
foil. Pricking by means of a common sewing-needle a 
small aperture in the tin-foil, an inverted image of the 
carbon-points starts forth upon the screen. A dozen 
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apertures will give a dozen images, a hundred a 
hundred, a thousand a thousand. But, as the apertures 
come closer to each other, that is to say, as the tin-foil 
between the apertures vanishes, the images overlap 
more and more. Eemoving the tin-foil altogether, tlie 
i^creen becomes uniformly illuminated. Hence tlie 
light upon the screen may be regarded as tlie overlap- 
ping of innumerable images of tlie carbon-points. In 


Fia. 2. 



like mann(;r the light upon (jvery wliite wall on a 
<jlou(lh‘ss day may be njgarded as pi’odiiced l)y thi^ 
superposition of iiiiuunerable images of tlie sun. 

The law that the angle of incidence is equal to the 
angle of reflection has a bearing upon a theory, to be 
subsequently mentioned, which renders its simple illus- 
tration here d<?sirable. A straight lath (pointing 
to 5 in fig. 3) is placed as an index perpendicular 
to a small looking-glass (M) capable of rotation. 
A beam of light is first received upon the glass and re- 
flected back along the line of its incidence. Though 
the incident and the reflected beams pass in opposite 
directions, they do not jostle or displace each other. 
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The index l:)eing turned, the mirror turns iilong* with it, 
and at each side of the index the incident and the re- 
flected beams (L o, o It), are seen tracking tliemselves 
through the dust of the room. The mere inspection of 
the tAvo angles enclosed between the index and the two 
beams suffices to show their equality. Small elastic balls 
impinging on the looking-glass would follow the course 

Fig. 3. 



of the reflected light. A card jilaccd (‘dgtnvays upon a 
table without inclination to the right or to the left 
is said to be perpendicular to the plane of the table. 
In the case of light the incident and reflection rays 
always lie in a plane perpendicidar to the reflecting 
surfaccT. 

This simple apparatus enables ns to illustrate another 
law of great practical importance, namely, that, when a 
mirror rotates, the angular velocity of a beam reflected 
from it is twice that of the reflecting mirror. A simple 
experiment will make tliis plain to you. Tlie arc (m n fig. 
3) before you is divided into ten equal parts, and when 
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the incident beam* and the index cross the zero of the 
graduation, both the incident and reflected beams are 
horizontal. Moving the index of the mirror to 1, 
the reflected beam cuts the arc at 2 ; moving tlie index 
to 2, the arc is cut at 4 ; moving the index to 3, the arc 
is cut at f) ; moving the index to 4, the arc is cut at 8 ; 
finally, moving the index to 5, the arc is cut at 10 (as 
in th(3 figure). In every case the reflected beam moves 
through twice the angle of the mirror. 

One of tlie y^roblems of science, on which scientific 
progress mainly depends, is to lielp the senses of man 
by carrying them into regions wliieh could never be 
attained without su(‘h help. Thus we arm tlu; eye wit h 
the telescope when we want to sound the depths of 
space, and witli the microscope when we \vant to ex- 
plore motion and structure in their infinitesimal dimen- 
sions. Now, fills law of angular reflection, coupled 
with the fact tliat a lieam of light possesses no weight, 
gives us the means of magnifying small motions to an 
extraordinary degree. Thus, by atta<*Jnng mirrors to 
his suspended magnets, and by watching the images of 
divided scales reflected from the mirrors, the celebrated 
Gauss was al)l(3 to detect tlie slightest thrill of variation 
on the part of the earth’s magnetic for(*e. By a similar 
arrangement the fe(d)le attractions and repulsions of 
the diamagnetic force have been inad(5 manifest. Tlie 
minute elongation of a bar of metal by tlie mere warmth 
of the liaud may be so magnified by this method as to 
cause the indiix-beam to move from the ceiling to the 
floor of this room. The lengthening of a bar of iron 
when it is magnetized may be also thus demonstrated. 
Helmholtz long ago employed this method to render 
evident to his students the classical experiments of 
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Du Bois Eaymond on animal electricity ; while in Sir 
William Thomson’s reflecting galvanometer the prin- 
ciple receives one of its latest applications. 

t 

For more than a thousand years no stop was taken 
in optics beyond this law of reflection. The men of the 
Middle Ages, in fact, endeavoured on the one hand to 
develope the laws of tluj universe a priori out of tlieir 
own consciousness, while many of them were so occupied 
witli the concerns of a future world tliat they looked 
with a lofty scorn on all tilings y)ertaining to tliis one. 
Speaking of the natural philosophers of Jiis time, Euse- 
bius sa^^s, ‘ It is not tlirougli ignorance of the thing's 
admired by them, but through <iontempt of their usidess 
labour, that we tliink little of tlieso matters, turning 
our souls to the exer<nse of bctt(ir things.’ So also 
Lactaiitiiis — ^To searcli for tlie causes of things; to 
inquire wluither the sun be as larger as he seems ; 
whether the moon is convex or concave ; wliether the 
stars are fixed in the sky, or float freely in the air ; 
of wliat size and of what material are the heavens ; 
whether tliey be at rest or in motion ; wliat is tlie 
magnitude of the eartli ; on what foundations is it 
suspended or balanc<:*d ; — -to dispute and conjecture upon 
such matters is just as if we chose to discuss what we 
think of a city in a remote country, of wliicli we never 
heard but the name.’^ 

* Tho spirit of those ancient licroes of tlie fait.h is still to be foiiinl 
in nnoxpeetccl pbices. In the April immljor of the Coniemporary Revicir, 
after describing how modern science came to be wliiit it is, my friend 
Dr. Aebiiid puts tlie following language into tlie inoutli of Bishop 
Wilson : — ‘ What is surprising to mo is the labour that you havts taken 
to attain so very little. You deserve for tliis the utmost credit a reason- 
fibio being can desire ; for you, being so accurate and so painstaking. 
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As regards tlie refraction of light, tlie course 
of real inquiry was resumed in 1100 hy an Arabian 
philosopher named Alhazen. Then it was taken up in 
succession by Koger Bacon, Vitcfllio, and Kepler. One 
of tlie most important occupations of science is the deter- 
mination, by precise measurements, of tlie quantitative 
relations of phenomena ; the value of such measurements 
depending greatly upon the skill and conscientious- 
ness of the man who makes them. Vitellio appears to 
have been both skilful and conscientious, while Keplers 
habit was to rummage through tlie observations of his 
predecessors, to look at them in all lights, and thus distil 
frern them the principles wliich united them. He had 
done this with the astronomical measui ernents of l^ycho 
Bralie, and had extracted from them the celebratiHl 
‘ laws of Kepler.’ He did it also with Vitellio’s mea- 
surements of refraction. But in this case he was not 
successful. The principle, though a simple one, 
escaped him, and it was first discovered by Willebrod 
Snell, about the year 1621. 

Less with the view of dwelling upon the phenomenon 
itself than of introducing it in a form which will render 
intelligible to you subsequently tlie play of theoretic 
thought in Newton’s mind, the fact of refraction may 
be here demonstrated. I will not do this by drawing 


spciii woll aware of the? uncertainty of some of your data, and of tlie possi- 
ble futility, therefore, of some of your couclusioTis. For lam told that 
with all your pains, your sciences contain within them so many examples 
of proved errors, that, being candid men, you must often feel the material 
ground under your feet to be very slippery.* Schelling thus expresses 
his contempt for experimental knowledge : ‘ Newton’s Optics is the 
greatest illustration of a whole structure of fallacies, which in all its 
parts is founded on observ.alion and experiment.’ There are some small 
imitators of Schell ing still in Germany. 
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the course of the beam with chalk on a black board, 
but by causing it to mark its own white track before 
you. A shallow circular vessel (R I G, fig. 4), with a 
glass fiice, half filled with water rendered barely turbid 
by the admixture of a little milk or the precipitation of a 
little mastic, is placed upon its edge with its glass face 
vertical. By means of a small plane reflector (M), and 
through a slit (T) in the hoop surrounding the vessel, a 

Fig. 4. 



beam of light is admitted in any I'ecpiired direction. 
It impinges upon tlie water (at O), enters it, and 
tracks itself through the liquid in a sharp, briglit band 
(O G). Meanwhile the beam passes unseen through 
the air above the water, for the air is not competent to 
scatter the light. A puflF of tobacco-smoke into this 
space at once reveals the track of the incident-beam. 
If the incidence be vertical, the beam is unrefracted. 
If oblique, its refraction at the common surface of air 
and water (at 0), is rendered clearly visible. It is also 
seen reflection {yAoxig 0 K) accompanies refraction, 
the beam dividing itself at the point of incidence 
into a refracted and a reflected portion. 
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The law by which Snell connected together all the 
measurements executed up to his time, is this : Let 
A B C I) (Fig 5.) represent tlie outline of our circular 
vessel, A C being the water-lifte. When the beam 
is incident along B E, wliicli is perpendicular to A C, 
tliere is no refraction. Wlien it is incident along m E, 
there is refraction : it is bent at E and strikes the 
circle at n. When it is incident along m' E, there is 
also refraction at E, tlie l)eam striking the point 7i\ 


Fig. o. 
B 



From the ends 6f the incident beams, let tlie perpen- 
diculars m o, o' be drawn upon B I), and from tlie 
ends of the refracted beams let tlio perpendiculars 
p 'U, p' 7i' be also drawn. JMeasure the lengths of o on 
and • of p 7?-, and divide the one by the other. You 
obtain a certain cpiotient. In like manner divide m' o' 
by the corresponding perpendicular p' oi ' ; you ohtiiiii 
in each case the same quotient. Snell, in fact, found 
this quotient to be a constant quality for each par- 
ticular substance, though it varied in amount from 
substance to substance. He called the quotient the 
io%dex of 'refraction. 
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In all cases where the light is incident from air upon 
the surface of a solid or a liquid, or, more generally still, 
wlien the incidence is from a less higlily refracting to 
a more liighly refracting medium, tlie reflection is par- 
fiaL In this case tlie most powerfidly reflecting suIh 
stances eitlier transmit or ahsorh a portion of the inci- 
dent liglit. At a perpendicular incidence water reflects 
only 18 rays out of every 1,000 ; , glass reflects only 25 
rays, while mercury reflects 606. When Hie rays strike 
tlie surface oldiquely the reflection is augmented. At 
an incidence of 40°, for example, water reflects 22 rays, 
at 60° it reflects 65 rays, at 80° .^33 niya ; while at an 
incidence of 894°, where the light almost grazes the 
surface, it. reflects 721 rays out of e\'ery 1,000. Thus, 
as the obliquity increases, the reflection fiom watm- 
approaches, and finally quite overtakes, tlie reflection 
from mercury ; but at no incidence, liowever great, is 
the reflection from water, mercury, or any other sul)- 
stance, total. 

Still, total reflection ma^’^ occur, and witli a view to 
understanding its sulisecpient ap|.»lication in the Ni col’s 
yirism, it is necessary to state when it occurs. Tliis 
leads me to the enunciation of a principle which uii^ler- 
lies all optical plnnioinena — the princijde of reversi- 
bility.' In the case of refraction, for instance, wlieu 
the ray passes obliquely from air into water, it is lient 
toivards the perpendicular ; wlien it passes from water 
to air, it is bent/w»i the perpendicular, and accurately 
reverses its cotirse. Thus in flg. 5, if e n be the trac^k 
taken by a ray in passing from air into water, n e ?//. 

^ From this principle Sir John Herschel (icdnccs in a simple and 
elegant manner the fuzidca mental law of rotlectioii. — See Familiar 
Lecturesy p. ‘236. 
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will be its track in passing from water into air. Let 
tis push this principle to its consequences. Supposing 
the light, instead of being incident along m e or m' >/ 
were incident as close as possible along c E, (fig. 6 ) ; 
suppose, in other words, that it just grazes the surface 
before entering the water. After refraction it will pur- 
sue the course e Conversely, if the light start from 

W'y and be incident at e, it will on escaping into the 
air just graze the surface of the water. The question 
now arises, what will occur supposing the ray from the 
water follows the course E, which lies beyond n" e ? 

Fwj. 6. 


B 



The answer is, it will not ([uit the water at all, but will 
be totally reflected (along e.?*). At the under surface of 
tlie water, moreover, the law is just the same as at 
its upper surface, the angle of incidence (d e being 
here also equal to the angle of reflection (i) e 'x\ 

Total reflection may be thus simply illustrated — 
Place a shilling in a drinking-glass, and tilt the glass 
so that the light from the shilling shall foil with the 
necessary obliquity upon the water surface above it. 
Look upwards towards that surface, and you see the 
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image of the shilling shining there as brightly as the 
sliilling itself. Thrust the closed (UrI of a glass t(‘st- 
tube into water, and incline the tube. Wlujii the incli- 
nation is sufficient, the horizontal light falling upon 
tlie tube cannot enter the air within it, l)iit is totally 
reflected upward; when looked down upon, such a tube 
looks quite as bright as Vmrnished silver. Pour a little 
water into the tul)e ; as the Ihpiid ris(^s total reflection 
is abolished, and with it the lustre, leaving a gradually 
diminishing shining zone, which disappears vvliolly when 
the level of tlio water within the tube reaches that 
witliout it. Any glass tulK^, with its end stopped water- 
tight, will produce this effect, winch is both licautiful 
and instructive. 

Total reflection never occurs except in the attempted 
passage of a ray from a more refracting to a h^ss re- 
fracting medium ; but in this case, when tlie obliquity 
is suffiedent, it always occurs. The mirage of thcj desert 
and other phantasmal appearances in tlie atmosphere 
are in part due to it. W^hen, for example, the sun 
lieats an expanse of sand, the layer of air in cxintact 
w-itli tlie sand becomes lighter and less refracting than 
tlie air above it; consequently, tlie rays from a distant 
olyect striking very obliquely on the surface uf the 
heated stratum, are sometimes totally reflectf;d upwards, 
thus producing images similar to those produced by 
w^ater. I have seen the image of a rock called Mont 
Tombeline inverted on the heated strand of Normandy 
near Avranches ; and by siicli delusive appearances the 
thirsty soldiers of the French army in Egypt were for 
a time greatly tantalized. 

The angle wliich marks the limit beyond wdiicli total 
reflection takes place is called the limiting angle (it is 
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marked in fig. 6 Ijy tlie strong line E 7i"). It must evi- 
dently diminisli as tlie refractive index increases. For 
water it is 48^% for flint glass 38° 41', .and for diamond 
23° 42'. Thus all tlie light incident from two complete 
([uadnints, or 180°, in the case of diamond, is con- 
densed into an angular space of 47° 22' (twice 23° 42') 
hy refraction. Coupled wi4:h its great refraction, are 
the great dispersive and great reflective pow(n*s of dia- 
mond ; hence tlie extraordinary radiance of tin? gem, 
both as regnrds white liglit and prismatic liglit.’ 

In 1()7G an impulse was given to optics by astronomy. 
In tluit year Olav Ko?mer, a learned Dane, was engaged 
at the OVjservatory of Paris in observing the eclipses of 
JupiterV moons. The planet, whose distance from the 
sun is 475,(593,000 miles, has four satellites. We are 
now only concerned with the one nearest to tlie planet. 
Konrier watched this moon, saw it move round in front 
of the planet, pass to tlie otlier side of it, and then 
plunge into Jupiter’s shadow, behaving like a lamii sud- 
denly extinguislic'd : at the second edge of the shadow 
he saw it reappear like a lamp suddenly liglited. Tin? 
moon thus acted the part of a signal light to the 
astronomer, and enabled liim to tell exactly its time of 
revolution. The period between two siiccessivt? liglit- 
ings up of the lunar lamp he found to be 42 hours, 28 
minutes, and 35 seconds. 

This measurement of time was so accurate, that 

’ With regard to the total reflection of light within a jet of water, 
where the jet sliinos like molten lava as it falls, it might well ho 
asked, if the reflection be (otaJ and internal, how is the jet seen? 
Were the water />7(rrc, I believe the jet could not bo seen ; the light, as 
Emerson says, would in this case hide itself in transparency. The jet 
is seen as our beam is seen in the experiment on refraction (Fig. 4) — 
through the scattering of the light by mechanically suspended particles. 
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having determined the moment when the moon emerged 
from the shadow, the moment of its hundredth appear- 
ance could also he determined. In fact it would be 
TOO times 42 hours, 28* minutes, 35 seconds, after the 
first observation. 

Itcerner’s first ol)servation was made wlien the earth 
was in the part of its orbit nearest Jupiter. About 
six montiis afterwards, the earth being tlien at the 
opposite side of its orbit, when the little moon ought 
to have made its luindredth appearance, it was found 
unpunctual, being fully 15 minutes behind its calcu- 
lated time. Its appearance, moreover, liad been grow- 
ing gradually later, as the earth retreated towards the 
part of its orbit most distant from Jupittjr. Rcomt^r 
reasoned thus: — ‘Had I been able to remain at the 
other side of tlie earth’s orbit, the moon might have 
appeared always at the proper instant; an observer 
placed there woidd probably have seen the moon 15 
minutes ago, the retardation in iny case being due to 
the fact that the light requires 15 minutes to travel 
from the place where my first observation was made to 
my present position.’ 

This flash of genius was immediately succeeded hy 
another. ‘ If this surmise he correct,’ Roemer reasoned, 
* then as I approach Jupiter along the other side of the 
earth’s orbit, the retardation ouglit to become gradu- 
ally less, and when I reach the place of my first, obser- 
vation, there ought to be no retardation at all.’ He 
found this to be the case, and thus not only provc^d that 
light required time to pass through space, but also 
determined its rate of propagation. 

The velocity of light, as determined by Roemer, is 
192,500 miles in a second. 
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For a time, however, the observations and reasonings 
of Ecenier failed to produce conviction. Tliey were 
doubted by Cassini, Fontenelle, and Hooke. Subse- 
quently came the unexpected corroboration of Eoemer by 
the English astronomer, Bradley, who noticed that the 
•fixed stars did not really appear to be fixed, but that they 
describe little orbits in the lieavens every year. The 
l esult perplexed Iniii, but Bradley had a mind open to 
suggestion, and capable of seeing, in the smallest tact, 
a picture of the largest. He was one day upon the 
Tiiames in a boat, and noticed that as long as his 
course remained unclianged, the vane upon his mast- , 
head showed the wind to be blowing constantly in the 
same direction, but tliat tlio wind appeared to vary with 
every cliange in the direction of liis boat. ‘^Here,’ as 
Whewell says, Mvas the image of his case. The l)oat 
was tlie earth, moving in its orbit, and the wind was 
the ligJit of a star.’ 

We may ask in passing, wliat witliont the fiiculty 
which I'orintMl the ^ image,’ would Bradley’s wind and 
vane have been to him? A wind and vane, and nothing 
more. You will immediately understand the meaning 
of liradley’s discovery. Imagine yourself in a motion- 
less railway-train with a shower of rain descending 
vertically downwards. The moment the train begins 
to move the rain-drops begin to slant, and the quicker 
the motion of the train the greater is the obliquity. In 
a precisely similar manner the rays from a star verti- 
cally overhead are caused to slant by the motion of the 
eartli througli space. Knowing the vspeed of the train, 
and the obliquity of the falling rain, the velocity of 
the drops may be calculated ; and knoAving the speed 
of the earth in her orbit, and the obliquity of the rays 
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due to this cause, we can calculate just as easily tlie 
velocity "of light. >5rad]ey did this, and the Saborra- 
tion of light,’ as his discoveiy is called, enabled him 
to assign to it a velocity almost identical with that 
deduced by Eoeiner from a totally different method 
of observation. SubstHiiientl}^ Fizeau, employing not 
planetary or stellar distances, but simply the breadth 
of the city of Paris, determined the velocity of light : 
while after him Foucault — a man of the rarest me- 
clianicai genius — solved the problem without quitting 
Ins private room. Owing to an error in the determi- 
nation of the earth’s distance from the sun, the velocity 
assigned to light by both Emm^r and Bradley is too 
great. With a close approximation to accuracy it may 
be rt^garded as 18(),0()() miles a second. 

By Eauruir’s discovery, the notion entertained by 
Descartes, and espoused by Hooke, tliat light is pro- 
|)agated instantly through space,, was overthrown. But 
the establishment of its velocity tlirougli stellar space 
led to speculations regarding its velocity in transparent 
terrestrial substances. The index of refraction of a ray 
passing from air into water is Newton assumed these 
numbers to mean that the velocity of light in water 
being 4 its velocity in air is 3 ; and lie deduced the 
phenomena of refraction from this assumption. Tlie 
reverse has since been proved to be the case — tliat is to 
say, the velocity of liglit in water being 3, its velocity 
in air is 4 ; but both in New^ton’s time and ours the 
same great principle determined, and determines, the 
course of light in all cases. In passing from point to 
point, whatev^er be the media in its path, or however it 
may be reflected, liglit takes the course wliich occupies 
least time. Thus in fig. 4, taking its velocity in air 
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and in. water into account, the light reaches Gr from I 
more rapidly by travelling first to 0, and there changing 
its course, than if it proceeded straight from I to G. 
This is readily comprehended, because in the latter case 
it would pursue a greater distance through the water, 
which is the more retarding medium. 

Snell’s law of refraction is one of the corner-stones of 
optical science, and its applications to-day are million- 
fold. Immediately after its discovery Descartes applied it 
to the explanation of the rainbow. Abeam of solar light 
falling obliquely upon a rain-drop is refracted on enter- 
ing the drop. It is hi part reflected at the back of tlie 
drop, and on emerging it is again refracted. By these 
two refractions, at its entrance and at its emergence, the 
beam of light is decomposed, quitting the drop resolved 
into its coloured constituents. The light thus readies 
the eye of an observer facing the drop, and with his 
back to tlie sun. 

Conceive a line drawn from the sun to the observer\s 
eye and prolonged beyond the observer. Conceive 
another line drawn, enclosing an angle of 42 with the 
line drawn from the sun, and prolonged to the falling 
shower. Along this second line the rain-drop, at its 
remote end, when struck by a sunbeam, will send a ray 
of red light. Every other drop similarly situated, that 
is, every drop at an angular distance of from the 
line aforesaid, will do the same. A circular band of red 
light is thus formed, which may be regarded as a portion 
of tlie base of a cone, having the rays which form 
the band for an envelope, and its apex at the observer’s 
eye. Because of the magnitude of the sun, the angular 
width of this red band will be half a degree. 

From the eye of the observer conceive another line 
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to be drawn, enclosing an angle, not of 42i°, but of 
404°, with the line drawn from the eye to the sun. 
Along this line a solar beam striking a rain-drop will 
send violet light to th^ eye. All drops at the same 
angular distance will do the same, and we sliall there- 
fore obtain a band of violet light of the same width as 
the red band. These two bands constitute the limiting 
colours of the rainbow, and between them the bands 
corresponding to the other colours lie. 

Thus the line drawn from the observer to the middle 
Ol the bow and the line drawn through the observer to 
the sun always enclose an angle of about 41° ; to account 
for this was the great difficulty,, which remained un- 
solved up to the time of Descartes. 

Taking a pen in hand and calculating by means 
of Hnell's law the track of every ray through a rain- 
drop, Descartes found tliat, at one particular angle, 
the rays emerged from tlie drop alnuh^t pandlel to 
eitch other. They were thus enabled to preserve 
their intensity through long atmospheric distances. 
At all other angles the rays (piitted the drop 
divergent^ and tlirough this divergence became j<o 
enfeebled as to be j)^'^tctically lost to tlie eye. The 
angle of parallelism here reftuTcd to was that of forty- 
one degrees, which observation luid proved to be in- 
variably associated with the rainbow. 

And here we may devote a moment to a question 
which has often Keen the subject of public discussion — 
whether, namely, a rainbow which spans a tranquil sheet 
of water is ever seen reflected in tlie water? Supposing 
you cut an arch out of pasteboard, of the apparent width 
of the rainbow, and paint upon it the colours of the bow ; 
such a painted arch, spanning still water, would, if not 
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too distant, undoubtedly be seen reflected in tlie water. 
Tlie coloured rays from such an arch would be emitted 
in all directions, tliose striking the water at the projK?r 
angle, and reflected to the eye, giving the image of the 
arch. JJut the rays effective in the rainbow are emitted 
only in the direction fixed by tlie angle of 41°. Those 
rays, therefore, wliicli ai*e scattered from the drops upon 
tlie water, do not carry along with them the necessary 
c^nidition of parallelism ; and, hence, though the 
cloud on whicli the bow is painted may be reflected 
from the water, we can have no reflection of the bow 
itself. 

In the rainbow a new phenomenon ^vas intrrduced 
— tlie phenomenon of colour. And here we arrive 
at one of those points in tlie liistory of science, when 
great men’s labours so intermingle that it is difficult 
to assign to each worker Ids precise meed of honour. 
Descartes was at the thresliold of the discovery of the 
composition of solar light ; but for Newton Avas 
reserved the enunciation of the true law. Hci went 
to work in this way : Through the closed Avindow- 
shutter of a room he pierced an orifice, and alloAved 
a thin sunbeam to pass tlirough it. Tlie beam stamped 
a round Avhite image of the sun on tlie opposite wall 
of tlie room. In the ])ath of this beam NoAvton placed 
a prism, expecting to see the beam refracted, but also 
expecting to see the image of tlie sun, after refraction, 
round. To his astonishment, it Avas drawn out to an 
image with a length five times its breadth. It was, 
moreover, no longer white, but divided into bands of 
diflereut colours. NcAvton saAV immediately that solar 
light was composite^ not simple. His elongated image 
revealed to liim the fact that some constituents of the 
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light were more deflected by the prism than otliers, 
and he concluded, therefore, that wliite solar light was 
a mixture of liglits of different colours and of different 
degrees of refrangibiliiy. 

J^et us reproduce this celebrated experiment. On 
tlie screen is now stamped a luminous disk, which may 
stand for Newton’s image of tlie sun. Causing the V»eam 
(from L, fig. 7) wliich produces the disk to pass through 
a lens (K) wliich forms an image of the aperture, and 
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then through a prism (P), we obtain Newton’s coloured 
image*, with its red and violet ends, wliich he called a 
spectrum. Ne^vton divided the spectrum into seven 
parts — red, orange, yellow, green, blue, indigo, violet ; 
which are commonly called the seven primary or pris- 
matic colours. The drawing out of the white light 
into its constituent colours is called diSj)ersion. 

This was the first analysis of solar light by Newton ; 
but the scientific mind is fond of verific«ation, and lUiver 
neglects it where it is possible. Newton completed his 
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proof by synthesis in this way: The spectrum now 
before you is produced by a glass prism. Causing the 
decomposed beam to pass through a second similar 
prism, but so placed that the co5oiirs are refracted back 
and reblended, the perfectly white luminous disk is 
restored. 

In this case, refraction and dispersion are simulta- 
neously abolished. Are they always so r ('an we have 
the one without the otlier? It was Newton’s conclu- 
jsion that we could not. Here he erred, and liis error, 

Fici. 8. 



which he maintained to the end of his life, retarded 
the progress of optical discovery. Holland subse- 
quently proved that, by combining two different kinds 
of glass, the colours can be extinguished, still leaving 
a residue of refraction, and he employed this residue 
in the construction of achromatic lenses — lenses 
yielding no colour — which Newton thought an impossi- 
bility. By setting a water-prism — water contained in 
a wedge-shaped vessel with glass sides (B, fig. 8) — in 
opposition to a wedge of glass (to the right of B), this 
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point can be ilhistrated before yon. We have first of 
all the ]r)Osition (dotted) of the nnrefractod beam markiMl 
upon tlie screen ; then we produce the narrow water- 
spectrum (W): finally, by introducing a flint-glass 
prism, we refract the beam back, until the colour disap- 
peai vS (at A). The image of tlie slit is now white ; but 
you see that, though the dispersion is abolished, there 
remains a very sensible amount of refraction. 

This is tlie place to illustrate another point l)earing 
upon the instrumental means employed in these lec- 
tures. Bodies differ widely from ea(*li other as to their 
powers of refraction and dispersion. Note the position 
of the water-spectrum upon the screen. Altering in 
no particidar tlie wedge-shaped vessel, but simply 
substituting for the water the transparent bisulphide 
of carbon, you notice liow inucli higher the beam is 
thrown, and how much richer is the display of colour. 
To augment the size of our spectrum we here employ 
(at L ) a slit instead of a circular aperture.* 

The synthesis of white light may be effected in 
three ways, wliich are now worthy of attention : 
liore, in the first instance, we have a ricli spectrum 

* The ]<)\v (lisporsivo power of water masks, as Helmholtz has re- 
mnrked, tlie imperfect achromatism of the eye. AVitli the miked (?ye, I 
can sec a (listaiit blue disk sharply defined, but not a red one. I can alsi> 
see the lines which mark the upper and lower boundaries of a liorizon- 
tally refracted spectrum sharp at the blue end, but ill-def>ned at the fcmI 
end. Projecting a luTiiinous disk upon a screen, and covering one vscini- 
circle of tlie apr-rtiiro with a red and the other with a l)lue or green glass, 
the difterence between the apparent sizes of the two semicircles is in 
my case, and in numerous other cases, extraordinary. Many per- 
sons, however, see the apparent sizes of the two semicircles rever?^c-d. 
If with a spectacle glass I correct the dispersion of the red light over 
the retina, then the blue ceases to give a sharply-defined image. Thus 
exarainetl the departure of the eye from achromatism appears very gross 
indeed. 
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produced by tbe decomposition of the beam (from L 
fig. 9). One face of the prism (P) is prote(;ted by a 
diaphragm (not shown in the fij^ure), with a longitu- 
dinal slit, tlirough wliich the beam passes into the prism. 
It emerges decomposed at the other side. I permit the 
colours to pass tlirough a cylindrical lens (C), which so 
squeezes tliem together as to produce upon the screen a 
sliarply-defined rectangular image of the longitudinal 
slit (now upright). In that image the colours are re- 


loc. a. 



blended, and you see it perfectly wlutc. Between tlie 
prism and the cylindrical lens may be seen the coloms 
tracking themselves through tlie dust of tlui room. 
Cutting off the more refrangible fringe by a card, tJie 
rectangle is seen red ; cutting off* the less refrangible 
fringe; tlie rectangle is seen blue. By means of a thin 
glass prism (W), I deflect one portion of the colours, and 
leave the residual portion. On the screen are now two 
coloured rectangles produced in this way. These are 
complementary colours — colours which, by their union, 
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produce white. Note that, by judicious management, 
i)ne of these colours is rendered yelloiv^ and tlie otlier 
hlne. I Avithdraw the thin prism ; yellow and blue 
immediately commingle, and we have white as the result 
of their union. On our way, then, we remove the 
tallacy, first exposed by Helmholtz, tliat tlie mixture 
of blue and yellow lights produces green. 

Restoring tlie circular aperture, AVe obtain once 
more a spectrum like that of New^ton. By means 
of a lens, av<; gather up these colours, and build tliem 
together, not to an image of the aperture, but to an 
image of the carbon-points themselves. 

Finally, in virtue of the persistence of impressions 
upon the retina, by means of a rotating disk, on which 
are spread in sectors the colours of the spectrum, Ave 
blend together the prismatic colours in the eye itself 
and tlius produce the impression of Avhiteness. 

I[a\dng unravelled the interwoven constituents of 
Avhite light, Ave have next to inquire, \Miat part the 
constitution so revealed enaliles this agent to play in 
Nature ? To it Ave OAve all the plienomena of colour ; 
and yet not to it alone, for there must be a certain rela- 
tionsliip betAveen the ultimate particles of natural bodies 
and Avhite light to enaVde them to extract from it tlie 
luxury of colour. But the function of natural bodies is 
here selective^ not creative. There is no colour generated 
by any natural body Avliatever. Natural bodies have 
slioAvered upon them, in the Avhite light of the sun, 
the sum toUil of all possible colours, and their action 
is limited to the sifting of that total, the appropri- 
ating from it of the colours Avhich really belong to them 
and the rejecting of those which do not. It will fix 
this subject in your minds if I say that it is the portion 
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of light whieli they reject, and not that wliich belongs 
to them, that gives bodies their colours. 

Let us begin our experimental inquiries here by 
asking, Wliat is the meaning of l>lackness ? Pass a 
black ribbon tlirougli the colours of the spectrum : it 
quenches all of them. The meaning of blackness is 
tluis revealed — it is tlie result of the absorption of all 
tlie constituents of solar light. Pass a red ribbon 
through the spectrum, hi the red light the rib])on is a 
vivid red. Wliy? Because tlie light that enters the 
ribbon is not quenched or al.isor))erI, but in great part 
sent back to the eye. Place the same ribbon in the green 
of the spectrum ; it is black as Jet. It absorbs the green 
light, and leaves the space on wiiich it falls a sjiace of 
intense darkness. Place a green ribbon in the green 
of the spectrum. It shines rividly with its proper 
colour ; transfer it t<» the red, it is black as jet. Herf*, 
it absorl)S all the light, that falls upon it, and offers 
mere darkness to tlie eye. 

Tims, when white liglit is employed, the red sifts 
it ])y quenching the green, and the green sifts it 
by (pienching the red, both exhibiting the residual 
colour. The process through wliich natural bodies 
acquire their colours is therefore a negative one. 
Tha colours are produced by subtraction, not by addi- 
tion. This red glass is red liecause it destiws all the 
more refiangible rays of the spectrum. This blue 
liquid is blue because it destroys all the less refrangible 
rays. Botii together are opaque because the light 
transmitted by tlie one is quenched by the other. In 
this way, by the union of two transparent substances 
we obtain a combination as dark as pitch to solar light. 
This other litpiid, finally, is purple because it destroys 
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the green and the yellow, and allows the terminal 
colours of the spectrum to pass unimpeded. From the 
blending of the blue and the red this gorgeous purple 
is produced. • 

One step fmrther for the sake of exactness. Tlie light 
which falls upon a body is divided into two portions, 
one of which is reflected from the surface of the 
body; and this is of the same colour as the incident light. 
If the incident light be white the superficially reflected 
light will also be white. Solar light, for example, re- 
flected from the surface of even a black body, is white. 
The blackest campliine smoke in a dark room through 
which a sunbeam passes from an aperture in the window- 
shutter, renders the track ' of the beam white, by the 
light scattered from the surfaces of the soot particles. 
The moon appears to us as if 

* Clothed in white samite, mystic, beautiful ; ' 

but were she covered with the blackest velvet she would 
still hang in the heavens as a white orb, shining upon 
our world substantially as she does now. 

The second portion of the light enters the body, 
and upon its treatment there the colour of the body 
depends. Let us analyse the action of pigments upon 
light. They are composed of particles mixed with a 
vehicle ; but how intimately soever the particles may 
be blended, they still remain particles, separated it may 
be by exceedingly minute distances, but still separated. 
To use the scientific phrase, they are not optically 
continuous. Now, wherever optical continuity is 
ruptured we have reflection of the incident light. It 
is the multitude of reflections at the limiting surfaces 
of the particles that prevents light from passing 
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through glass, or rock-salt, when these transparent 
substances arc pounded into powder. The light here is 
exhausted in a waste of echoes, not extinguished by 
true absorption. It is the same kind of reflection that 
renders the thunder-cloud so impervious to light. Such 
a cloud is composed of particles of water mixed with 
particles of air, both separately transparent, but practi- 
cally opaque when thus mixed together. 

In the case of pigments, then, the light is reflected 
at the limiting surfaces of the particles, but it is in 
part absorbed within the particles. The reflection is 
necessary to send the light back to the eye ; the absorp- 
tion is necessary to give the body its colour. The same 
remarks apply to flowers. The rose is red in virtue, 
not of the light reflected from its surface, but of light 
which has entered its substance, which has been re- 
flected from siufaces within, and which in returning 
through the substance has its green extinguished. A 
similar process in the case of hard green leaves ex- 
tinguishes the red, and sends green light from the body 
of the leaves to the eye. 

All bodies, even the most transparent, are more 
or less absorbent of light. Take the case of water: 
in small quantities it does not sensibly affect the light. 
A glass cell of clear water interposed in the track of 
our beam does not perceptibly change any one of tlie 
colours of the. spectrum derived from the beam. Still 
absorption, though insensible, has here occurred, and 
to render it sensible we have only to increase the depth 
of the water through which the light passes. Instead of 
a cell an inch thick, let us take a layer, ten or fifteen 
feet thick : the colour of the water is then very evident. 
By augmenting the thickness we absorb more of the 
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light, and by making the thickness veiy great we absorb 
the light altogether. Lampblack or pitch can do 
no more, and the only difference between them and 
water is that a very small depth in their case suffices 
to extinguish all the light. The difference between 
the highest known transparency, and the highest known 
opacity, is one of degree merely. 

If, then, we render water sufficiently deep to quench 
all the light ; and if from the interior of the water no 
light reaches the eye, we have the condition necessary 
to produce blackness. Looked properly down upon 
there are portions of the Atlantic Ocean to which one 
would hardly ascribe a trace of colour : at the most a 
tint of dark indigo reaches the eye. The water, in 
fact, is practically black, and this is an indication both ■ 
of its depth and purity. But tho case is entirely 
changed when the ocean contains solid particles in a 
state of mechanical suspension, capable of sending 
light back to the eye. 

Throw, for example, a white pebble into the blackest 
Atlantic water ; as it sinks it becomes greener and 
greener, and, before it disappears, it reaches a vivid 
blue green. Break such a pebble into fragments, these 
will behave like the unbroken mass : grind the pebble 
to powder, every particle will yield its modicum of 
green; and if the particles be so fine as to remain 
suspended in the water, the scattered light wiU be a 
uniform green. Hence the greenness of shoal water. 
You go to bed with the black water of the Atlantic 
around you. You rise in the morning and find it a 
vivid green ; and you correctly infer that you are 
crossing the bank of Newfoundland. Such water is 
found charged with fine matter in a state of mechanical 
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suspension. Tlic light from the bottom may sometimes 
come into play, but it is not necessary. The subaqueous 
foam generated by the screw or paddle-wheels of a 
steamer also sends forth a vivid green. The foam here 
furnishes a reflecting surface^ ili^ water between the 
eye and it the absorbing medium. 

Nothing can be more superb than the green of the 
Atlantic waves when the circumstances are favourable 
to the exhibition of the colour. As long as a wave 
remains unbroken no colour appears, but when the foam 
just doubles over the crest like an Alpine snow-cornice, 
under the cornice we often see a display of the most 
exquisite green. It is metallic in its Inilliancy. But 
the foam is necessary to its production. The foam is 
first illuminated, and it scatters the light in all direc- 
tions ; the light which passes through the higher 
portion of the wave alone reaches the eye, and gives 
to that portion its matcldess colour. The folding of the 
wave, producing as it does, a series of longitudinal 
protuberances and furrows which act like cylindrical 
lenses, introduces variations in the intensity of the 
light, and materially enhances its beauty. 

We are now prepared for the further consideration 
of a point already adverted to, and regarding which 
error long found currency. You will find it stated 
in many books tliat blue and yellow lights mixed 
together produce green. But blue and yellow have 
been just proved to be complementary colours, pro- 
ducing white by their mixture. The mixture of blue 
and yellow ^pigments undoubtedly produces green, 
but the mixture of pigments is totally different froxn 
the mixture of lights. 

Helmholtz, who first proved yellow and blue to be 
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complementary colours, has revealed the cause of the 
green in the case of pigments. No natural colour is 
pure. A blue liquid or a blue powder permits not 
only the blue to pass through it, but a portion of the 
adjacent green. A yellow powder is transparent not 
only to the yellow light, but also in part to the 
adjacent green. Now, when blue and yellow are mixed 
together, the blue cuts off the yellow, the orange, and 
the red ; the yellow, on the other hand, cuts off the 
violet, the indigo, and the blue. Green is the only 
colour to Avhich both are transparent, and the conse- 
quence is that, when white light falls upon a mixture 
of yellow and blue powders, the green alone is sent 
back to the eye. You have already seen that the fine 
blue ammonia-sulphate of copper transmits a large 
portion of green, while cutting off all the less re- 
frangible light. A yellow solution of picric acid also 
allows the green to pass, but quenches all the more 
refrangible light. What must occur when we send a 
' beam through both liquids ? The exf>criraental answer 
to this qtiestion is now before you : the green band of 
the spectrum alone remains upon the screen. 

The impurity of natural colours is strikingly illus- 
trated by an observation recently ■ communicated to 
me by Mr. Woodbury. On looking through a blue 
glass at green leaves in sunshine, he saw the super- 
ficially reflected light blue. The light, on the con- 
trary, which came from the body of the leaves 
was crimson. On examination, I found that the 
glass employed in this observation transmitted both 
ends of the spectrum, the red as well as the blue, 
and that it quenched the middle. This furnished an 
easy explanation of the effect. In the delicate spring 
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foK^e the blue is for the most part absorbed, and a 
light, mainly yellowish greeny but containing a con- 
siderable quantity of red, escapes from the leaf to the 
eye. On looking at such foliage through the violet 
glass, the green and the yellow are stopped, and the red 
alone reaches the eye. Thus regarded, therefore, the 
leaves appear like faintly-blushing roses, and present a 
very beautiful appearance. With the blue ammonia- 
sulphate of copper, which transmits no red, this effect 
is not obtained. 

As the year advances the crimson gradually hardens 
to a coppery red ; and in the dark green leaves of old 
ivy it is entirely absent. Permitting a concentrated 
beam of white light to fall upon fresh leaves in a dark 
room, the sudden change from green to red, and from 
red back to green, when the violet glass is alternately 
introduced and withdrawn, is very surprising. Looked 
at through the same glass the meadows in May appear 
of a warm purple. With a solution of permanganate 
of potash, which, while it quenches the centre of the 
spectrum, permits its ends to pass more freely than' 
the violet glass, striking effects are also obtained.* 

This question of absorption, considered with refer- 
ence to its molecular mechanism, is one of the most 

* Both 5n foliage and in flowers wo have btriking cliffcrenceB of ab- 
sorption. The copper beech and tho green beech, for example, take in 
different rays. But the very growth of tho tree is duo to some of the 
rays thus taken ,in. Are tlie chemical rays, then, tho same in the 
copper and the green beech ? In two such flowers as tho primrose and 
the violet, where the absorptions, to judge by the colours, are almost com- 
plementaiy, are the cliemically active rays the same ? The general re- 
lation of colour to chemical action is -worthy of the application of tho 
method by which Dr. Draper proved so conclusively the chemical potency 
of the yellow rays. 
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subtle and difficult in physics. We are not yet in a 
condition to grapple with it, but we shall be by-and- 
by. Meanwliile we may profitably glance back on 
the web of relations which these experiments reveal 
to us. We have in the first place in solar light an agent 
of exceeding complexity, composed of innumerable 
constituents, refrangible in different degrees. We find, 
secondly, tlie atoms and molecules of bodies gifted 
with the power of sifting solar light in the most vari- 
ous ways, and producing by this sifting the colours 
observed in nature and art. To do this they must pos- 
sess a molecular structure commensurate in complexity 
with that of light itself. Thirdly, we have the human 
eye and brain, so organized as to be able to take in and 
distinguish the multitude of impressions thus generated. 
The light, therefore, at starting is complex ; to sift and 
select it as th ey do natural bodies must be complex ; while 
to take in the impressions thus generated, the human 
eye and brain, however we may simplify our conceptions 
of their action,^ must be highly complex. Whence this 
triple complexity ? If what are called material pur- 
poses were the only end to be served, a much simpler 
mechanism would be sufficient. But, instead of sim- 
plicity, we have prodigality of relation and adaptation — 
and this apparently for the sole purpose of enabling us 
to see things robed in the splendours of colour. Would 
it not seem that Nature harboured the intention of edu- 
cating us for other enjoyments than thfise derivable 
from meat and drink ? At all events, whatever Nature 
meant — and it w^ould be mere presumption to dogmatize 

* YouDg, Helmholtz, and Maxwell reduce all dilferonces of hue to 
combinations in different proportions of three primary colours. It is 
demonstrable by experiment that from the red, green, and violet all tho 
other colours of the spectrum may be obtained. 
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as to what she meant — we find ourselves here as 
the upshot of her operations, endowed with capacities 
to enjoy not only the materially useful, but endowed 
with others of indefinite scope and application, which 
deal alone with the beg.utiful and the true. 

Sir Charles Wheatstone has recently drawn my attention to a work 
by Christian Ernst Wiinsch, Leipzig, 1792, in which the author an- 
nounces the proposition that there are neither five nor seven, but only 
three simple colours in white light. Wiinsch procliicos five spectra, 
'writh five prisms and five small apertures, and he mixes the colours first 
in pairs, and afterwards in other ways and proportions. ITis result is that 
‘ red is a smiple colour incapable of being decomposed ; that orange is com- 
pounded of intense red and weak green ; that yellow is a mixture of intense 
red and intense green ; that green is a simple colour ; ^at blue is com- 
pounded of saturated green and saturated violet ; that indigo is a mixture 
of saturated violet and weak green ; while violet is a pure simpla 
colour,' He also finds that yellow and indigo blue produce while by 
their mixture. Yellow with bright blue (hochblau) also produce white, 
which seems, howevet, to liave a tinge of green, w’hilo the pigments of 
these tw^o colours when mixed always give a more or less beautiful 
green. Wiinsch very emphatically distinguishes the mixture of pigments 
from that of lights. Speaking of the generation of yellow, he says, 

• I say expressly red and green lights because I am speaking about light- 
colours (Lichtfarben), and not about pigments.* However faulty his 
theories may be, Wiinsch’s experiments appear in the main to bo 
precise and conclusive. Nearly ten years subsequently Young adopted 
red, green, and violet as the throe primary colours, each of them 
capable of producing throe sensations, one of which, however, pre- 
dominates over the two others. Helmholtz adopts, elucidates, and 
enriches this notion. (Popular Lectures, p. 219. Tho beautiful 
paper of Helmholtz on thcj mixture of colours, translated by myself, 
published in the * Philosophical Magazine * for 1852. Maxwell’s excel- 
lent memoir on the Tlieory of Compound Colours is published in the 

• Philosophical Transactions,’ vol. 150, p. 57.) 
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ORIGIN OF PHYSICAL TIIEOUIES-— SCOPE OF THK IMAGINATION — NEMTON 

AND THK EMISSION THKOttY ^VKUIFTCATION OF PHYSICAL THEOKIES 

THE LUMINIFEROUS ETHER— AVAVK -THEORY OP LIGHT — THOMAS YOUNG 
— FRESNEL AND ARAGO — CONCEPTION OP M^VVE-MOTION — INTERFERENCE 
OF AVAVBS — CONSTITUTION OP SOUND-WAVES — ANALOGIES OP SOUl^D 

AND LIGHT — IJ.LUSTBATIONS OP WAA’^K-MOTION INTERFERENCE OF 

SOUND WAVES — OPriCAL IJXUSTRATIONS ^PITCII AND COLOUR — LENGTHS 

OF THE W'AVES OP LIGHT AND RATES OF VIH RATION OP THE KTUER- 
PAETICLES — INTERFERENCE OP LIGHT — PHENOMENA WHICH FIRST 
SUGGESTED THE UNDULATORY THEORY — HOYLE AND HOOKE — THR 

COLOURS OP THIN PLATES — THE SOAP-HUHHLE— NBWTON’s RINGS 

THEORY OF ‘FITs’ — ITS EXPLANATION OF THE RINGS — OVERTHBOAV OF 
THE THEORY— DIFFRACTION OP IJGHT — COLOURS PRODUCED HY DIFFRAC- 
TION — COLOURS OF MOTHER-OF-PEARL. 

W E raiglit vary and extend onr experiments on 
light indelinitely, and they certainly wovdd prove 
ns to possess a wonderful mastery over the phenomena. 
But the vesture of the agent only would thus be re- 
vealed, not the agent itself. The human mind, however, 
is so constituted and so educated as regards natural 
things, that it can never rest satisfied with this outward 
view of them. Brightness and freshness take posses- 
sion of the mind when it is crossed l)y*the light of 
principles, which show the fiicts of Nature to be organi- 
cally connected. 

Let us, then, inquire what this thing is that we 
have been generating, reflecting, refracting, and analy- 
zing. 
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In doing this, we shall learn that the life of the 
experimental philosopher is twofold. He lives, in his 
vocation, a life of the senses, using his hands, eyes, and 
ears in liis experiments, but such a question as that 
now before us carries him beyond the margin of the 
senses. He cannot consider, much less answer, the 
question, ‘ What is light ? ’ without transporting him- 
self to a world which underlies the sensible one, and 
out of which, in accordance with rigid law, all optical 
phenomena spring. To realize this subsensible world, 
if I may use the term, the mind must possess a certain 
pictorial power. It must be able to form definite 
images of the things which that subsensible world con- 
tains ; and to say that, if such or such a state of things 
exist in that world, then the phenomena which appear 
in ours must, of necessity, grow out of this state of 
things. If the picture be correct, the phenomena 
are accounted for ; a physical theory has been enunci- 
ated which unites and explains them all. 

This conception of physical theory implies, as you 
perceive, the exercise of the imagination. Do not be 
afraid of this word, whicli seems to render so many 
respectable people, both in the ranks of science and 
out of them, uncomfortable. That men in the ranks of 
science should feel tlius is, I think, a proof that they 
have suffered themselves to be misled by the popular 
definition of a great faculty instead of observing 
its operation^ in their own minds. Without imagina- 
tion we cannot take a step beyond the bourne of the 
mere animal world, perhaps not even to the edge of 
this. But, in speaking thus of imagination, I do not 
mean a riotous power which deals capriciously with 
facts, but a well-ordered and disciplined power, whose 
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sole function is to form conceptions which the intel- 
lect imperatively demands. Imagination thus exer- 
cised never really severs itself from the world of fact. 
This is the storehouse from wliich all its pictures are 
drawn; and the magic of its art consists, not in 
creating things anew, but in so changing the magnitude, 
position, and other relations of sensible things, as to 
render them fit for the requirements of the intellect in 
the subsensible world. ^ 

Descartes imagined space to be filled with sometliing 
that transmitted light instantaneously. Firstly, be- 
cause, in his experience, no measurable interval was 
known to exist between the appe^arance of a flash of 
light, however distant, and its eflect upon consciousness ; 
and secondly, because as far as his experience went, no 
physical power is conveyed from place to place without 
a vehicle. But his imagination helped itself farther 


* The following charming extract, bearing upon this point, was dis- 
covoroi and written out for mo by my deeply lamented friend Hr. 
Renee Jones, late Hon, Secretary to the Royal Institution : 

* In every kind of magnitude there is a degree or sort to which our 
sense is proportioned, the perception and knowledge of which is of 
greatest use to mankind. The same is the groundwork of philosopliy ; 
for. though all sorts and degrees are equally tlio object of philosopliical 
speculation, yot it is from those which are proportioned to sense that 
philosopher must set out in his inquiries, ascending or descending after- 
W'ards as his pursuits may require. He does well indeed to take his 
views from many points of sight, and supply the defects of sense by a 
well-regulated imagination ; nor is ho to be confined by any limit in 
space OP time ; but, as his knowledge of Nature is fouftded on the ob- 
servation of sensible things, he must begin wdlh these, and must often 
return to them to examine his progress by them. Hero is his secure 
hold; and as he sets out from thence, so if ho likewise trace not often 
his steps backwards with caution, he will be in hazard of losing his way 
in the labyrinths of Nature.’ — {Maclaurm : An Accoxini of Sir 7. Hicw- 
ton's Philosophical Discoveries, Written 1728; second edition, 1750; 
pp. 18, 19.) 
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by illustrations drawn from the world of fact. ‘When,’ 

he says, ‘one walks in darkness with staff in hand, the 

moment the distant end of the staff strikes an obstacle 

« 

the hand feels it. This explains what might otherwise 
be thought strange, that the light reaches us instan- 
taneously from the sun. I wish thee to believe that 
light in the bodies that we call luminous is nothing 
more than a very brisk and violent motion, which, by 
means of the air and otlier transparent media, is con- 
veyed to the eye exactly as the shock through the 
walking stick reaches the hand of a blind man. This 
is instantaneous, and would be so even if the intervening 
distance were greater than that between earth and 
heaven. It is therefore no more necessary that any- 
thing material should reach the eye from the luminous 
object, than that something should be sent from the 
ground to the hand of the blind man when he is con- 
scious of the shock of his staff.’ The celebrated Eobert 
Hooke first threw doubt upon this notion of Descartes, 
but afterwards substantially espoused it. The belief in - 
instantaneous transmission was destroyed by the dis- 
covery of Eoemer referred to in our last lecture. 

The case of Newton still more forcibly illustrates the 
position that in forming physical theories we draw for 
our materials upon the world of fact. Before he began 
to deal with liglit, he was intimately acquainted with 
the laws of elastic collision, which all of you have seen 
more or less* perfectly illustrated on a billiard-table. As 
regards the collision of sensible masses, Newton knew the 
angle of incidence to be equal to the angle of reflection, 
and he also knew that experiment, as shown in our last 
lecture (fig. 3), had established the same law with regard 
to light. He thus found in his previous knowledge the 
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material for theoretic images. He had only to change 
the magnitude of conceptions already in his mind to 
arrive at the Emission Theory of Light. He supposed 
light to consist of elastic particles of inconceivable 
minuteness shot out with inconceivable rapidity by 
luminous bodies. Such particles impinging upon smooth 
surfaces were reflected in accordance with the ordinary 
law of elastic collision. The fact of optical reflection 
certainly occurred as if light consisted of such 
particles, and this was Newton’s sole justification for 
introducing them. 

But this is not all. In another important particular, 
also, Newton’s conceptions regarding the nature of 
light were influenced by his previous knowledge. He 
had been pondering over the phenomena of gravitation, 
and had made himself at home amid the operations of 
this universal power. Perhaps his mind at this time was 
too freshly and too deeply imbued with these notions . 
to permit of his forming an unfettered judgment re- 
garding the nature of light. Be that as it may, Newton 
saw in refraction the action of an attractive force ex- 
erted on the light-particles. Ho carried his conception 
out with the most severe consistency. Dropping ver- 
tically downwards towards the earth’s surface, tlie mo- 
tion of a body is accelerated as it approaches the earth. 
Dropping in the same manner downwards on a horizontal 
surface, say through air on glass or water, the velocity 
of the light-particles, when they came close to the sur- 
face, was, according to Newton, also accelerated. Ap- 
proaching such a surface obliquely, lie supposed the 
particles, when close to it, to be drawn down upon it, 
as a projectile is drawn by gravity to the surface of the 
earth. This deflection was, according to Newton, the 
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refraction seen in oiir last lecture (fig 4). Finally, it 
was supposed that differences of coloiu* miglit be due to 
differences in the sizes of the particles. This was the 
physical theory of light enunciated and defended by 
Newton ; and you will observe that it simply consists 
in the transference of conceptions born in the world of 
the senses to a subsensible world. 

But, though the region of physical theory lies thus 
behind the world of senses, the verifications of theory 
occur in that world. Laying the theoretic conception 
at the root of matters, we determine by rigid deduction 
what are the phenomena wliich must of necessity grow 
out of this root. If the phenomena thus deduced agree 
with those of the actual world, it is a presumption in 
favour of the theory. If as new classes of phenomena 
arise they also are found to harmonize with theoretic 
deduction, tlie presumption becomes still stronger. If, 
finally, the tlieory confers prophetic vision upon the 
investigator, enabling him to predict the existence of 
phenomena which have never yet been seen, and if those 
predictions be found on trial to be rigidly correct, the 
persuasion of the truth of the theory becomes over- 
powering. 

Thus working backwards from a limited number of 
phenomena, genius, by its own expansive force, reaches 
a concciption which covers all the phenomena. There 
is no more wonderful peiformance of the intellect than 
this ; but we!* can render no account of it. Like the 
scriptural gift of the Spirit, no man can tell whence 
it cometh. The passage from fact to principle is 
sometimes slow, sometimes rapid, and at all times a 
source of intellectual jo}^ When rapid, the pleasure 
is concentrated and becomes a kind of ecstasy or in- 
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toxication. To any one who has experienced this 
pleasure, even in a moderate degree, the action of 
Archimedes when he quitted the bath, and ran naked, 
crying ‘ Eureka 1’ through the streets of Syracuse, 
becomes intelligible. 

How, then, did it fare with the Emission Theory when 
the deductions from it were brought face to face with 
natural phenomena? Tested by experiment, it was 
found competent to explain many fiicts, and with tran- 
scendent ingenuity its author sought to make it account 
for all. He so far succeeded, that men so celebrated 
as Laplace and Malus, who lived till 1812, and Biot 
and Brewster, who lived till our own time, were found 
among his disciples. 

Still, even at an early period of the existence of the 
Emission Theory, one or two great names were found 
recording a protest against it ; and they furnish another 
illustration of the law that, in forming theories, the 
scientific imagination must draw its materials from the 
world of fact and experience. It was known long ago 
that sound is conveyed in waves or pulses through the 
air ; and no sooner was this trutlx well housed in the 
mind than it was transfoi'med into a theoretic concep- 
tion. It was supposed that light, like sound, miglxt 
also be the product of wave-motion. But what, in this 
case, could be the material forming the waves ? For the 
waves of sound we have the air of our atmosphere ; but 
the stretch of imagination which filled all«pace with a 
luminiferous ether trembling with the waves of light 
was so bold as to shock cautious minds. In one of my 
latest conversations with Sir David Brewster he said to 
me that his chief objection to the undulatory theory 
of light was that he could not think the Creator guilty 
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of SO clumsy a contrivance as the filling of space with 
ether in order to produce light. Tliis, I may say, is 
very dangerous ground, and tlie quarrel of science with 
Sir David, on this point, as with* many estimable persons 
on other points, is, that they profess to know too much 
about the mind of the Creator. 

This conception of an ether was advocated, and in- 
deed applied to various phenomena of optics, by the 
celebrated astronomer, Huyghens. It was espoused 
and defended by the celebrated mathematician, Euler. 
They were, however, opposed by Newton, whose au- 
thority at the time bore tliein down. Or shall we say it 
was authority merely ? Not quite so. Newton’s pre- 
ponderance was in some degree due to the fact that, 
though Huyghens and Euler were riglit in the main, 
they did not possess sufficient data to p^'ove themselves 
right. No human authority, however high, can main- 
tain itself against the voice of Nature speaking tlirougli 
experiment. But the voice of Nature may be an un- 
certain voice, through tlie scantiness of data. This was 
the case at the period now referred to, and at such a 
period by the authority of NewtCJh all antagonists were 
naturally overborne. 

Still, this great Emission Theory, which held its 
ground so long, resembled one of those circles which, 
according to your countryman Emerson, tlie force of 
genius periodically draws round the operations of the 
intellect, biat which are eventually broken through by 
pressure from behind. In the year 1773 was born, at 
Milverton, in Somersetshire, one of the most remarkable 
men that England ever produced. He was educated for 
•the profession of a physician, but was too strong to be* 
tied down to professional routine. He devoted him- 
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self to the study of natural philosophy, and becime in 
all its departTuents a master. He was also a master of 
letters. Lanj^uaffos, ancient and modern, were lioused 
within liis brain, and, I**) use the words of his epitaph, 
Mie first penetrated the obscurity whicli had veiled for 
aj^os the hieroji^lyphics of Eg’vpt.’ It fell to the lot of 
this man to discover facts in optics which Newton’s 
theory was incompetent to cxjdain, and his mind 
roamed in search of a sufficient tlieory. He had made 
himself acquainted with all the plienomena of wave- 
motion ; with all the phenomena of sound ; working 
successfully in tins domain as an original discoverer. 
Thus informed and disciplined, he was prepared to 
detect any resemldance which might reveal itself be- 
tween the phenomena of light and those of wave-motion. 
Such r(3seml)lances he did detect ; and, spurred on by 
tlie cliscoveiy, he pursued his speculations and his 
experinumts, until he finally succetMled in placing on an 
immovable basis the Undulatory Tlieory (>f Light. 

The founder of this groat theory was Thomas Voiing, 
a name, perhaps, unfamiliar to many of you, but wliicli 
ought to be familiar to you all. Permit me, there- 
fon?, ])y a kind of geometrical construction wliich I once 
venturc<i to employ in London, to give you a notion 
of tlie magnitude of this man. Let Newton stand 
ere(‘.t in his age, and Young in his. Draw a straiglit 
line from Newton to Young, tangent to the heads of 
both. This line wouhl slope downwards from Newton to 
Young, because Newton was certainly the taller man 
of the two. But the slope would not be steep, for the 
difference of stature was not excessive. The line 
would form what engineers call a gentle gradient from 
Newton to Young. Place underneath this line the 
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biggest man born in the interval between both. It may 
be doubted whether he would reach the line ; for if he did 
he would be taller intellectually than Young, and there 
was probably none taller. Kut I do not want you to 
rest on English estimates of Young ; the German, 
Helmholtz, a kindred genius, thus speaks of liim : ‘His 
was one of the most profound minds that the world 
lias ever seen ; but he liad the misfortune to be too 
much in advance of his age. He excited the wonder 
of his contemporaries, who, however, were unable to 
follow liim to the heights at wliich his daring intellect 
was accustomed to soar. His most important ideas 
lay, therefore, buried and forgotten in the folios of the 
Koyal Society, until a new generation gradually and 
painfully made the same discoveries, and proved the 
exactness of his assertions and the truth of liis de- 
monstrations.’ 

It is quite true, as Helmholtz says, that Young was 
in advance of his age ; but something is to be added 
wliicli illustrates the responsibility of our public writers. 
For twenty years this man of genius was quenched — 
hidden from the appreciative intellect of his country- 
men — deemed in fact a dreamer, through the vigorous 
sarcasm of a writer who liad then possession of tlio 
public ear, and who in the Edhihiirgh Review poured 
ridicule upon Young and liis speculations. To the cele- 
brated Frenchmen Fresnel and Arago, lie was first 
indebted for the restitution of liis rights, for they, 
especially Fresnel, remade independently, as Helm- 
holtz says, and vastly extended Ids discoveries. To 
the students of his works Young has long since ap- 
peared in his true light, but these twenty blank years 
pushed niin from the public mind, which became in turn 
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filled with the fame of Young’s colleague at the Koyal 
Institution, Davy, and afterwards with the fame of 
h^araday. Carlyle refers to a remark of Novalis, that 
a man’s self-trust is enormously increased the moment 
he finds that otliers believe in liim. If the opposite 
remark be true — if it be a fact tJiat public disbelief 
weakens a man’s force — there is no calculating the 
amount of damage these twenty years of neglect may 
liave done to Young’s productiveness as an investiga- 
tor. It remains to be stated that his assailant was 
Mr. Henry Brougham, afterwards liord Chancellor of 
England. 

Our hardest work is now before us. But the 
capacity for hard work depends in a great measure 
on the antecedent winding up of tlie will ; I would 
(‘all upon you, therefore, to gird up your loins for our 
coming labours. If we succeed in climbing tlie hill 
which faces us to-night, our future difficulties will not 
be insurmountable. 

In the earliest writings of the ancients we find the 
notion that sound is conveyed by the air, Aristotle 
gives expression to this notion, and tlie great architect 
Vitruvius compares the waves of sound to waves of 
water. But the real mechanfsm of wave-motion was 
hidden from the ancients, and indeed was not made 
clear until the time of Newton. The central difficulty 
of the subject was, to distinguisli between the motion 
of the wave itself and the motion of tlie particles which 
at any moment constitute the wave. 

Stand upon the sjiea-shore and observe the advancing 
rollers before they are distorted by tlie friction of tlie 
bottom. Every wave lias a back and a front, and, it 
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you clearly seize the image of the moving wave, you 
will see that every particle of water along tlie front of 
the wave is in the act of rising, wlnle every particle 
along its back is in tlie act of sinking. The particles 
in front reacli in succession the crest of tlie wave, and 
as soon as tlie crest is passed tliey begin to fall. They 
then reacli the furrow or mmis of the wave, and can 
sink no fiirther. Immediately afterwards they become 
the front of the succeeding wave, rise again until they 
reach the crest, and then sink as before. Thus, while 
the waves pass onward horizontally, the individual 
particles are simply lifted up and down vertically. 
Obser\'e a sca-fowl, or, if you are a swimmer, abandon 
yourself to the acition of the waves; you are not carried 
forward, but simply rocked up and down. The propa- 
gation of a wave is the propagation of a form ^ and not 
the tiansference of the substance which constitutes the 
wave. 

The hnglh of the wave is tlie distance from crest to 
crest, while tlie distance through which the individual 
particles oscillate is called the amplitude of the oscilla- 
tion. You will notice that in this description the par- 
ticles of water are made to vibrate acro.ss tlie line of 
proy)agati(>n.' 

And now wc have to take a step forw.ards, and it is 
the mpst important step of all. Yon can picrture two 
j^^eries of waves proceeding from different origins 
through tile same water. When, for example, you 


* I (It) nDt wish to oiicumber tho conception here with the details of 
the motion, hut I nuiy draw uttontioii to the heautif'ul model of Prof. 
Lyman, wherein waves are shown to be priKluced by the firew/urmotion 
of the particles. This, as proved by the brothers Weber, is the real 
motion in the case of water-tvaves. 
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throw two stones into still water, the ring-waves pro- 
•ceeding from the two centres of disturbance intersect 
each other. Now, no matter how numerous these waves 
may be, tlie law liolds good that the motion of every 
particle of the water is the algebraic sum of all the 
motions imparted to it. If crest coincide with crest 
and furrow with furrow, the wave is lifted to a double 
height above its sinus ; if furrow coincide with crest, the 
motions are in opposition, and their sum is zero. 
W(i have then still water, which we shall learn pre- 
sently corresponds to what vre call darkness in reference 
to our present subject. This action of wave upon 
wave is technically called 'mterfereaee, a term to be 
remembered. 

To the eye of a person conversant wdth these princi- 
ples, notliing can be more interesting than the crossing 
of water ripples. Througli the interference of the 
waves, the intersecting surface is sometimes shivered 
into the most beautiful mosaic, trembling rliythmically 
as if with a kind of visible music. When waves are 
skilfully generated in a dish of mercury, a strong 
light thrown upon the shining surface, and reflected 
on to a screen, reveals the motions of the liquid 
metal. The shape of the vessel determines the forms 
of the figures produced. In a circular dish, for ex- 
ample, a disturbance at the centre propagates itself as 
a series of circular Avaves, Avhich, after reflection, again 
meet at the centre. If tlie point of disturbance be a 
little way removed from the centre, the interference of 
the direct and reflected waves produces the magnificent 
chasing shown in the annexed figure.* The light 


* Copied fro.n Webers Welhnlthre. 



54 


ON LIGHT. 


f-KCT. 


reflected from such a surface yitdds a pattern of extra- 
ordinary beauty. Wlien the mercury is slightly struck 

Fig. 10. 



l)y a n(^edle-poiiit in a direction concentric with the 
surface of the versel, tlie lines of light run round in 
mazy coils, interlacing and unravelling themselves 
in a wonderful manner. When the vessel is square, 
a splendid checker-work is produced by tlie crossing of 
the direct and reflected waves. Thus, in tlie case of 
wave-motion, the most ordinary causes give rise to the 
most ex(iuisite eflects. The words of your countryman, 
Emerson, are perfectly applicable here : — 

‘ TlicMi oaii’st not wave thy staff in the air, 

Or dip tliy paddle in the lake, 

• Hut it carves the brow of beauty there. 

And the ripples in rhymes the ojus forsake.’ 
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The most impressive illustration of the action of 
waves on waves that I have ever seen occurs near 
Niagara. For a distance of two miles, or tliereabouts, 
below the Falls, the river Niagara flows unruffled 
through its excavated gorge. The bed subsequently 
narrows and deepens, and the water consequently 
quickens its motion. At the places called the ^ Whirl- 
pool Kapids,’ I estimated the widtli of the river at 300 
feet, an estimate confirmed by the dwellers on the spot. 
Wlifiii it is remembered that tlie drainage of nearly 
half a continent is comjn-ossed into tliis space, the im- 
petuosity of the rivers escape tiirougli this gorge may 
b(^ imagined. 

Two kinds of motion are here ol)viously active, a 
motion of translation and a motion of undulation — the 
race i)f the river tlirough its gorge, and tlie great waves 
gcmeiated by its collision with the obstacles in its way. 
Ill tlio middle of the stream, the riisJi and tossing are 
most violent ; at all events, the impetuous force of the 
individual waves is lu^re most strikingly displayetl. 
Vast pyramidal lieaps leap incessantly from the river, 
some of them with such energy as to jerk their summits 
into the air, where tliey hang suspended as bundles of 
liquid pearls, whicli, when shone upon by tlie sun, are of 
undescribable beauty. 

The first impression, and, indeed, tlie current ex- 
planation of these Kapids is, that the central bed of the 
river is cumbered with large boulders, and tliat the 
jostling, tossing, and wild leaping of the water there 
are due to its impact against these obstacles. A very 
different explanation occurred to me upon the spot. 
Boulders derived from the adjacent cliffs v isibly cumber 
the aides of the river. Against these the water rises 
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and sinks rhythmically but violently, large waves being 
thus produced. On the generation of each wave there 
is an immediate compounding of the wave motion with 
the river motion. The ridges, which in still water 
would proceed in circular curves round the centre of 
disturbance, cross the river obliquely, and the result is 
that at the centre waves commingle winch have really 
been generated at the sides. This crossing of waves 
may be seen on a small scale in any gutter after rain ; 
it may also be seen on simply pouring water from a 
wide-lipped j iig. In the first instance, then, we had a 
(•composition of wave motion with river motion ; here 
we have the coalescence of waves with Avaves. Where 
crest and furrow cross each other, the motion is 
annulled ; Avhere furrow and furrow cross, the river is 
ploughed to a greater depth ; end Avhere crest and crest 
aid each other, we have that astonishing leap of the 
water which breaks the cohesion of the crests, and tosses 
them shattered into the air. The phenomena observed 
at the Whirlpool Rapids constitute in fact, one of the 
grandest illustrations of the principle of interference. 

Thomas Young’s fundamental discovery in optics 
was that the principle of Interference applied to light. 
Long prior to his time an Italian philosopher, Grimaldi, 
had stated that under certain circumstances tAvo thin 
beams of light, each of which, acting singly, produced 
a luminous Spot upon a Avhite wall, Avhen caused to act 
together, pjirtially quenched each other and darkened 
the spot. This Avas a statement of fundamental signi- 
ficance, but it required the discoveries and tlie genius 
of Young to give it meaning. Hoav he did so will 
gradually become clear to you. You know that air is 
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eompropsible; that by pressure it can be rendered more 
dense, .and that by dilatation it can be rendered more 
rare. Properly agitated, a tuning-fork now sounds in 
a manner audible to you all, and most of you know that 
the air through which the sound is passing is parcelled 
out into spaces in which the air is condensed, followed 
by other spaces in which the air is rarefied. These 
condensations and rarefactions constitute what we call 
ivitves of sound. You can imagine the air of a room 
traversed by a series of such waves, and you can imagine 
a second series sent through the same air, and so related 
to the first that condensation coincides with condensa- 
tion and rarefaction with rarefaction. The consequence 
of this coincidence would be a louder sound tlian that 
])roduced by either system of waves tak(?n singly. But 
you can also imagine a state of things wluu'e the con- 
<lensations of the one system fall upon the raretaetions 
of the other system. In this case the two systems 
would completely neutralize each otlier. Each of tliem 
taken singly produces sound ; both of them taken 
together produce no sound. Thus, by adding sound 
to sound we produce silence, as Grimaldi in his experi- 
ment produced darkness by adding light to light. 

The analogy between sound and light here flashes upon 
the mind. Young generalized this observation. He 
discovered a multitude of similar cases, and determined 
their precise conditions. On the assumption that 
light w^as wave-motion, all his experimeifts on inter- 
ference were explained ; on the assumption that liglit 
was flying particles, nothing was explained. In the 
time of Huyghens and Euler a medium had been 
assumed for the transmission of the waves of light ; 
but Newton raised the objection that, if light consisted 
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exist. The waves, he contended, would bend round 
opaque bodies and produce tlie motion of liglit beliind 
them, as sound turns a corner,* or as waves of water 
wasli round a rock. It was proved t})at tlie bendini^ 
round referred to by Newton actually occurs, l)ut th,‘it 
the inflected waves abolish eacli other by tlieir mutual 
iutorference. Young also discerned a fundamental 
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difference between the waves of ligbt and those of 
sound. Could you see the air through whicli sound- 
waves are parsing, you would observe every individual 
particle of air oscillating to and fro in the direction of 
propagation. Could you see the luminiferous ether, 
you woidd also find every individual particle making a 
small excursion to and fro, but here the motion, like 
thixt assigned to the water-particles above referred to, 
would be across the line of propagation. The vibra- 
tions of the air are lowjitiuliaal^ tlie vibrations of the 
ether are traiiavevsaL 
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It is my desire that you should realize with clearness 
the character of wave-motion, both in etlier and in air. 
And, with this view, I bring before you an experiment 
wlierein the air-particles are represented by small spots 
of light (R O, fig. 11). They are derived from a clean 
spiral, drawn upon a circle of blackened glass (D ), so 
that when the circle rotates, tiie spots move in successive 
pulses over the screen.* In this experiment you have 
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clearly seit before you how' the pulses travel incessantly 
forward, while their component particles perform oscilla- 
tions to and fro. This is the picture of a sound-wave, in 
which the vibrations are longitudinal. Jly another glass 
wl)eel (1), fig. 12) we produce an image of a Uans verse 
wave (0 R), and here we oliserve the waves^ travelling in 
succession over the screen, while each iiKlivirlual spot of 
light performs an excursion to and fro across the line of 
propagation. 

* Tlie apparatus is constructed by tbut excellent acoustic nicclianiciaii, 
M. Rudolf Kiinig, of Paris. 
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Notice what follows when* the glass wheel is turned 
very quickly. Objectively considered, the transverse 
waves propagate themselves as before, but subjectively 
tbe efi'ect is totally changed. Because of the reten- 
tion of impressions upon the retina, the spots of light 
simply describe a series of parallel luminous lines upon 
the screen, t he length of these lines marking the ampli- 
tude of the vibration. Here the impression of w’^ave- 
motion has totally disappeared. 

The most familiar illustration of the interference of 
sound-waves is furnished by the beats produced by 
two musical sounds slightly out of unison. When two 
tuning-forks in perfect unison are agitated together 
the two sounds flow without roughness, as if tliey 
were but one. But, by attaching with wax to one 
of the forks a little weight, we cause it to vibrate 
more slowly than its neighbour. Suppose that one 
of them perforins 101 vibrations in the time re- 
([uired by the other to perform 100, and suppose that 
at starting the condensations and rarefactions of both 
forks coincide. At the 101st vibration of the quickest 
fork they will again coincide, that fork at this point 
having gained one whole vibration, or one whole wave- 
length upon the other. But a little reflection will 
make it clear that, at the 50th vibration, the two forks 
are in opposition ; here the one tends to produce a 
condens*ation wliere tlie other tends to produce a rare- 
faction ; by thV, united action of the two forks, therefore, 
the sound is quenched, and we have a pause of silence. 
Tliis occurs where one fork has gained half a rvave-- 
length upon the other. At the 101st vibration, as 
already stated, we have coincidence, and, therefore, 
augmented sound ; at tbe 150th vibration we have 
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again a quenching of the sound. Here the one fork is 
three half-waves in advance of tlie otlier. In general 
terms, tlie waves conspire wlien the one series is an 
even number of half-wave lengths, and they are des- 
troyed when the one series is an odd number of half- 
wave lengths in advance of the other. With two forks 
so circumstanced, we obtain those inter mi t tent shocks 
of sound separated by jmuses of vsileiiee, to whicli we 
give the name of beats. By a suitable arrangement, 
moreover, it is possible to make one sound wholly 
extinguish another. Along four distinct lines, for 
example, the vibrations of the two prongs of a tuning- 
fork completcdy blot each other out.* 

The plteh of sound is wholly determined by the 
rapidity of the vibration, as, the intenHity is by the am- 
plitude. The rise of pitch with the rapidity of tlu? 
impulses may lie illustrated by the syren, which con- 
sists of a perforated disk rotating over a cylinder into 
which air is forced, and tlie end of whicli is also per- 
forated. When the perforations of the disk coincide 
with tliose of tlie cylinder, a putf escapes ; and, when 
the puffs succeed each otlier with surticiciit rapidity, 
the impressions upon the auditory txuve link tiiem- 
selves together to a continuous niusi<*al note. The rnorri 
rapid the rotation of the disk the quicker is tlie suc- 
cession of the impulses, and the higlicr the pitcli of the 
note. Indeed, by means of the syren the liumber of 
vibrations due to any musical note, whetimr it be that of 
an instrument or of the human voice, may be accurately 
determined. 

In front of our lamp now stands a lioiriely instru- 
ment (S, fig. 13) of this character. The perforated 
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light, sharply defiried by tlic lens li, riinged on the 
eirciunference of a circle, is seen upon the screen. On 
slowly tuniing the disk, a flicker is produced by the 
alternate stoppage and transmission of tlie liglit. At 
tlie.same time air is urged into the syren through tlie 
tube and you liear a ttultering sound corresponding 
to the flickering light. Eut, by augmenting tin? 
j-apidity of rotation, the light, though intercepted as 
before, appo^ars perfectly steady, through the persist- 
ence of irnx>ressions upon the retina ; and, about the 
time wlien tlie optical impression becomes continuous, 
the auditory *imp]‘ession becomes equally so ; the pufis 
from tlie synm linking themselves then togetlier to a 
continuous musical note, which rises in pitch with the 
rapidity of tlie rotation. A movement of the head 
causes the image of the spots to sweep over the retina, 
producing headed lines : the same effect is produced 
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upon our screen by the sweep of a looking-glass which 
has received the thin beams from the syren. 

What pitcli is to the ear in acoustics, colour is to 
the eye in the undulatory theory of light. Though 
never seen, the lengths of the waves of light have been 
determined. Tlieir existence is proved hy their effects, 
and from their effects also their lengths may be accu- 
rately deducted. This may, moreover, be done in many 
ways, and, when the different determinations are com- 
pared, the strictest harmony is found to exist between 
them. This consensus of evidence is one of the strong- 
est points of the undulatory tlieory. The shortest 
waves of the visible spiictrum are those of the extreme 
violet; the longest, those of the extreme red; while the 
other colours are of intermediate pitch or wave-length, 
Tlie length of a wave of the extreme red is such that it 
would require 3(5,918 of them placed end to end to 
cover one inch, while 64,631 of the extreme violet 
waves would ho required to span tlie same distance. 

Now, the velocity of light, in round numbers, is 
190,000 miles per second. Jteducing this to inches, 
and multiplying the number thus found by 36,918, we 
obtain the numlier of waves of tlie extreme red in 
1 90,000 mil(\s. All these waves enter the eye^ and strike 
the retina at the hack of the eye in one secoiuL The 
number of shocks per second ne(jessary to the produc- 
tion of the impression of red is, therefore, four hundred 
and fifty-one millions of millions. In a sihlilar manner, 
it may be found that the number of shocks correspond- 
ing to the impression of violet is seven hundred and 
eighty-nine millions of millions. 

All space is filled with matter oscillating at such 
rates. hVorn every star waves of these dimensions 
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move with the velocity of light like splierical shells 
outwards. And in the ether, just as in the water, the 
motion of every particle is the algebraic sum of all 
the separatii motions imparted to it. Still, one mo- 
tion does not blot the other out; or, if extinction 
occur at one point, it is strictly atoned for at some other 
point. Every star declares l)y its light its undamaged 
individuality, as if it alone had sent its thrills through 
space. 

The principle of interference, as proN'ed l>y Young, 
applies to the waves of light as it does to the wa v«*s 
of water and the waves of sound. And the conditions 
of interference are the same in all three. If two 
series of light-waves of the same length start at tJie 
same moment from a common origin (say A, tig. 14), 
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crest c<uuci(les witJi (uvst, siuiis with sinus, and the two 
systems blend together to a single system (A ni it) of 
double amplitude. If both series start at the saim^ 
moment, one of them being, at starting, a Avlu)le wave- 
length in advance of tlie other, they also add them- 
selves together, and we have an augmented luminous 
effect. Just as in the ease of sound, the same occurs 
when the one system of waves is any even number of 
semi-imdiilations in advance of the other. But if the 
one system be half a wave-length (as at A' a', tig.lo), or 
«any odd number of half wave-lengths in advance, then 
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the crests of the one fall upon tlie sinuses of the other; 
.the one system, in fact, tends to lift the particles of 

Fig. 1;). 



ether at the precise places where tlie otlier tends to 
tUpress them; lienee, through the joint action of tliese 
opposing forces (indicated liy the arrows) tiie ligJit- 
ethor remains perfectly still. This stillness of llio etlier 
is wliat we call darkness, which corresponds, as already 
stat ed, with a dead level in the case of wat(?r. 

It was said in our first lecture, with referenct? to 
the colours produced by absorption, tliat the function of 
natural bodies is selecjtive, not creative? ; that they ex- 
tinguish certain constitucints of the white solar light, 
and appear in the colours of the unextingiiished light. 
It must at onceflasli upon your minds that, inasmuch as 
we liave in interference an agency by which liglit may 
be self-extinguished, w<i may have in it tlie conditions 
for tlie production of colour. Jhitthis would imply that 
certain constitmuits are quenched by inteilVu’enee, while 
others are permitted to remain. This is the fact; and 
it is entirely due to the difference in the lengths of the 
waves of light. 

Tin's subject may be illustrated by the class of 
phenomena whicli first sugg(?sted tho imdukitory theory 
to the mind of Ifooke.. These are the colours of thin 
transparent films of all kinds, known as the colours 
of thill jjlates. In this relation no object in the world 
possesses a deepei* scientific interest tluin a common 
soap-bubble. And here let me say emerges one of the 
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difficulties which the student of pure science encounters 
in the presence of ‘ practical’ communities like those of 
America and England ; it is not to he expected that 
such communities can entertain any profound syrnpatliy 
with labours wliich seem so far removed from the domain 
of practice as many of the labours of the man of scienc(i 
are* Imagine Dr. Draper sptmding his days in blowing 
soap-bubbles and in studying their cohnirs ! Would 
you show him the necessary patience, or grant liim the 
necessary support ? And yet be it remembered it was 
thus that minds like those of Doyle, Newton and Hooke 
were occupied ; and tliat on such experiments lias been 
founded a theory, the issues of wdiich are incalculable, 
I see no other way for you, laymen, than to trust the 
scientific man with the clioice of his inquiries ; he stands 
before the tribunal of his peers, and liy tlieir verdict on 
his labours you ought to abide. 

Whence, tlien, are derived the colours of tlie soap- 
bubble? Imagine a lieam of white light impinging 
on the bubble. When it reaelu^s the first surface of the 
film, a known fraction of the light is reflected l;)ack. 
But a large portion of tlie hcam eiilm’s the film, reaches 
its second surface, and is again in part j‘efl(‘cted. Tlie 
waves from the second surface thus turn hack and holly 
pursue the waves from the iirst surface. And, if the 
thickness of the film he such as to cause tlie necessary 
retardation, the two systems of waves interfere with eacli 
other, producing augmented or diniinislied light, as the 
case may be. 

But, inasmuch as the waves of light are of different 
lengths, it is plain that, to produce self-extinction in 
the case of the longer waves, a greater thickness of 
film is necessary than in the case of the shorter ones. 
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Different colours, therefore, must appear at different 
stbicknesses of the film. 

Take with you a little bottle of spirit of turpentine, 
and pour it into one of your eA)iintry ponds. You 
will then see the flashing of those colours over the 
surfece of the water. On a small scale we produce them 
thus: A common tea-tray is filled with water, beneatli 
tile surface of which dips the end of a pijiette. A V»eam 
of light falls upon the water, and is reflected by it to 
the screen. Spirit of turpentine is poured into the 
])ipette ; it descends, issues from the end in minute 
drops, which rise in sriecession to the surface. On 
reaching it, eacli drop spreads siiddeiily out as a film, 
and glowing colours irnmcKliately flasli forth up<’>n tlu^ 
screen. Tlie colours cliange as the tliickness of the 
film changes by evaporation. They arc also ari-anged 
in zones in conse<iuence of the giadual diminution of 
thickness from the centre outwards. 

Any film whatever will produce tliese coloui-s. The 
film of air between two plates of glass squeezed together, 
exhibits, as shown by Hooke, rich fringes of colour. A 
particularly fine example of tlu?se fringes is now btffort^ 
you. Nor is even air necessary ; the rupture of optical 
<.*ontinuity suflices. Smite witli an axe the black, trans- 
parent ice — black, because it is pure and of great d<;pth 
— under the moraine of a. glacier; you readily produce in 
the interior flaws winch no air can reach, and from tlieso 
flaws tlie 0010111*8 of thini>lates sometimes br^ak like (ire. 
But the origin of most historic interest is, as already 
stated, the soap-bubble. With one of these mixtures 
employed by the eminent blind philosoplier Plateau in 
his researches on the cohesion figures of thin films, we 
obtain in still air a bubble ten or twelve inches in 
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(Uameter. You ma}' look at the l)uhble pr you 

jnay look at its projection \ipon tlie screen, rich colours 
arranireil in zones are, in both cases, exhibited. Ren- 

” i * ... 

dtM'ing the beam parallel, aim permitting it to mipmge 
upon the sides, bottom, and top, of tlie bidddo, gorgeous 
fans of colour oversprend the screen, which rotate as the 
lieam is carried round tlie circumference of the bubble. 
By tliis experiment the internal motions of the film 
arcs also strikingly displayed. 

Not in a moment are great theories edaborated : tlie 
filets which demand them are first called into pro- 
minence by observ-iuit minds ; then to tlie period of 
oliservation succeeds a period of pondering and of 
tentative explanntion. By such elforts the human 
mind is gradually preparc^d for the final theoretic 
illumination. The colours of thin plates, for ex- 
amjile, occiijiied the attention of tlie celebrated liobert 
Boyle. In liis ‘•Experimental History of Colours’ lie 
contends against the schools wliich affirmed tliat colour 
was a penetrative quality tliat readies to the iiiiier- 
inost parts of tlie object,’ adducing ojiposing facts. 
‘To give you a first instance,’ he says, ‘I shall need 
but to remind you of what I told you a little after 
tlie beginning of this essay, touching the blue and red 
and yedlow that may be produced upon a piece of 
tempered steel ; for these colours, tliough tliey he very 
vivid, yet if you break the steel they ad(.>rn they will 
appear to be but superficial.’ He then describes, in 
phraseology which shows the delight lie took in his 
work, the following beautiful experiment :* — 

‘ We took a quantity of clean lead, and melted it 
with a strong tire, and then immediately pouring it out 
into a clean vessel of convenient sliape and matter 
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(we used iiie of iron, that the great and sudden lieat 
might not injure it), and then carefully and nimbly 
taking off the scuin that floated on the top, we per- 
ceived, as we expected, the smooth and glossy surfact' 
of the melted matter to be adorned with a very glorious 
colour, which being as transitory as delightful, did 
almost immediately give place to another vivid colour, 
and that was as ciuickly succeeded by a third, and this, 
as it were, chased away by a fourth, and so these Avonder- 
fidly vivid colours successively appeared and vanislied 
till the metal ceasing to be hot enougli to hold any 
longer this pleasing spectacle, the colours that clianced 
to adorn tlie surface when the lead tlius began to cool 
remained upon it, but were so superticdal that how 
little soever we scraped otf the surfa(*e of tlie lead, we 
did, in such places, scrape off‘ all the colour.' ^ These 
things,’ he adds, ‘ suggested to me some thouglits or 
ravings which I have not now time to acquaint you 
with.’ * 

He extends liis observations to chemical essential 
oils and spirit of wine, ‘which being shaken till 
they have good store of bubbles, those hubbies will (if 
attentively considered) apj.>ear adorned with various and 
lovely colours, which all immediately vanish upon the 
retrogressing of the liquid which attbrds these bubldes 
th(‘ir skins into the rest of the oil.’ He also refers to the 
colours of the soap bubble and to those of glass lilms. 
‘ [ have seen one that was skilled in faslfioning glasses 
by the help of a lamp blowing some of them so strongly 
as to hurst them ; whereupon it was found that tlie 
tenacity of the metal was such that before it broke it 


* Boyle’s Works, Birch’s edition, p. 675. 
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suffered itself to bo reduced into films so extremely 
thin that tliey constantly showed upon their surfadep 
tlie varying colours of the rainbow.’ ^ 

Subsequent to Boyle the colours of thin: pj 
occupied the attention of the celebrated 
Hooke, in wlioso writ ings Ave find a dawning 
undulatory theory. He describes with great 
ness the colours obtained with tlnn flakes of ^MuscoVy 
glass’ (talc), also those surrounding flaws in crystals 
where 0 ])tical continuity is destroyed. He sliows very 
‘dearly tlio dependeiictj of the colour upon the thick- 
ness of tlie film, and proves by microscopic observatio 
(hat plates of a uniform tliickness yield uniform colours. 
‘ If,’ lie says, ‘you take any small piece of the Muscovy 
glass, and with a needle, or some other convenient 
instrument, cleave it oftentimes into thinner and thin- 
ner laminae, you shall find that until you come to a 
determinate tJiinness of them they shall appear 
parent and colourless, but if you continue to splii 
divide them further, you shall find at last that 
plate shall appear most lovely tinged or imbued with 
a (ieterininate colour. If, further, by any means you 
so flaw a pretty thick piece that one part begins to 
cleave a little from the other, and between these two 
there be gotten some pellucid medium, those laminated 
or pellucid bodies that fill tluit space shall exhibit 
several rain]K)ws or coloured lines, the colours of whiBi 
will be dispetsed and ranged according to the varib.U3 
thii.‘knesses of the several parts of the plate.’ He 
describes fully and clearly the experiment with pi?e,»d 
glasses already referred to : — 
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Take two small pieces of ground and polished look- 
ihg-glass'plate, each about the bigness of a shilling : 
these two dry, and with your forefingers and 
press them very hard and close together, and 
^^j^%hall find that when they approach each other 
#|i^Qear there will appear several irises or coloured 
in the same manner almost as in the Muscovy 
glass ; and you may very easily change any of the 
colours of any part of tlie interposed body by pressing 
the plates closer and hardcir together, or leaving them 
more lax — that is, a part whieli appeared coloured with 
red, may be presently tinged with a yellow, blew, 
green, purple, or the like. Any substance,’ he says, 
‘ provided it bo thin and transparent, will show these 
colours.’ Like Hoyle, be obtained them with glass 
films ; he also ^ producejl them with bubbles of pitch, 
rosin, colophony, turpentine, solutions of several gums, 
arabic in water, any glutinous liquor, as wort, 
Spirit of wine, oyl of turpentine, glare of snails, 

; Hooke’s writingsshow that even inhis day the idea that 
bothlight and heat are modes of motion had taken posses- 
sion of many minds. ‘ First,’ he says, ‘ that all kind of 
^evy bimdng bodies have their parts in motion I think 
be very easily granted me. That the spark struck 
rmm a flint and steel is in rapid agitation 1 have else- 

l^ere made probable that heat argues a motion 

)f , the internal parts is (as I said befote) generally 

^^nted and that in all extremcdy hot shining 

)CKj|ps there is a very quick motion that causes light, 
IS '^ell as a more robust that causes heat, may be 
irgued from the celerity wdierewith the bodies are dis- 
olved. Next, it must be a vibrative motion.^ His 
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reference to the quick motion of light and the more 
robust motion of licat is a remarkable stroke of sagacity ; ^ 
but Hooke’s direct insight is better than his reasoning ; 
for the proofs lie adduces that light is ‘a vibrating 
motion’ have no particular bearing upon tlie question. 

Still the Uudulatory Theory was undoubtedly jdawn- 
ing upon the mind of this remarkable man. In endea- 
vouring to account for tlie colours of tliin plates, he again 
refers to tlie relation of colour to thickness : he dwells 
upon tlie fact that the film wdiich shows these colours 
must be transparent, proving this by showing that 
however thin an opaque body was rendered no colours 
were produced. ^ This,’ he says, ‘ I liave often tried by 
pressing a small globule of mercury between two smooth 
plates of glass, Avhereliy I have rediicc'd that body to a 
much gn^ater thinness than was requisite to exhibit 
the colours with a transparent body.’ Tlien follows 
the sagacious remark that to produce the colours 
‘ there must be a considerable reflecting body adjacent 
to the under or further side of the lamina or plate : 
for this I always found, that the greater that reflection 
was, the more vivid were the appearing colours. From 
which observations,’ lie continues, ‘ it is most evident, 
that the reflection from the under or further side of 
the body is the o/ the production of 

these colours,^ 

H(i draws a diagram, correctly representing the 
reflection at* Hie two surfaces of the film, but here 
his clearness ends. He ascribes tlie colours to a 
coalescence or confusion of the two reflected pulses; 
the principle of interference being unknown to him he 
could not go further in the way of explanation. He 
adds, however, a remark of the utmost importance. 
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‘ One tiling wliich seems of tlie greatest concern in 
this hypothesis is to determine the greatest and 
least thicknjess requisite for these effects, Avhich, 
though I have not been wanting in attempting, yet so 
exceeding thin are tliese coloured plates, and so im- 
perfect our microscope, that I have not been hitherto 
successful.’ 

In this way, tlien, by the active operat ion of different 
minds, facts are observed, examined, and tlie precise? 
conditions of their appearance determine>d. All such 
work in science is the i>relude to other work ; and the 
effbrt.s of Koylo and Hooke cleared tlie way for the 
optical career of Newton. He con((uered the difficulty 
which Hooke had found insup(?rable, and determined by 
accurate measurements t he relation of the thickness of 
the tilm to the colour of displays. In doing this his 
first care was to obtain a film of variable and calculable 
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deptli. On a plano-convex glass lens (I) B E, fig. 16) 
of very feeble curvature he laid a plate of glass (A C) 
witli a plane surface, thus obtaining a film of air of 
gradually increasing depth from the point of contact (B) 
outwards. On looking at the film in mbnochromatic 
light he saw, with the delight attendant on fulfilled 
prevision, surrounding the place of contact a series 
of bright rings separated from each other by dark 
ones, and becoming more closely packed together as 
the distance from the point of contact augmented 
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(as in fi^. 17). Wlien lie employed red light, his rings 
had certain diameters ; when he employed blue light, 

Fig. 17 *. 



the diameters were less. In general terms, the more 
refrangil)le tlie light the smaller were the rings, 
(pausing his glasses to pass through the spectrum 
from red to blue, the rings gradually contracted ; 
when the passage was from blue to rod, the 
rings expanded. This is a beautiful experiment, and 
appears to have given Newton the most lively satis- 
faction. When white light fell upon the glasses, 
inasmuch as the colours were not superposed, a series 
of ivis--eoloured circles were obtained. A magnitied 
image of Newton's rinris is now before you, and, liy 
employing fu succession red, blue, and white light, we 
ol)tain all tlie effects observed by Newton. You notice 
tliat in monochromatic light the rings run closer and 
closer together as they recede from the centre. This is 
due to the fact that at a distance the film of air thickens 
more rapidly than near the centre. When white ligh^ 
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is employed, tliis closing up of the rings causes the 
various colours to be superposed, so tliat after a certain 
thickness they are blended together to white light, the 
rings then ceasing altogetlmr. It needs but a moment’s 
reflection to understand that the colours of thin plates 
are never immixed and monochromatic. 

.Newtoii compared tlie tints obtained in tin's way 
will) the tints of Ids soap-bubble, and lie calculated tlie 
corresponding thickness. How lie did this may be thus 
made plain to you : Suppose the water of the ocean to 
be absolutely smooth ; it would then accurately repre- 
sent the earth’s curved surface. Let a perfectly 
horizontal plane toiicii the surface at any point. Know- 
ing the‘, earth’s diameter, any engineer or mathematician 
in this room could tell you how far the sea’s surface 
will lie below this i^lane, at tlie distance of a yard, ten 
yards, a hundred yards, or a thousand yards from the 
point of contact of the plane and the sea. It is common, 
indeed, in levelling operations, to allow for the curva- 
ture of the eartli. Newton’s calculation was precisely 
similar. His plane glass was a tangent to his curved 
one. From its refractive index and focal distance he 
determintid the diameter of the sphere of which his 
curved glass formed a segment, he measured the dis- 
tances of his rings from the place of contact, and he 
calculated the depth between the tangent plane and 
the curved surface, exactly as the engineer would 
calculate the distance between his tangeifb plane and 
the surface of the sea. The wonder is, tliat, wliere 
such intinitesirnal distances are involved, Newton, witli 
tlie means at his disposal, could have worked with such 
marvellous exactitude. 

To account for these rings was the greatest difficulty 
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that Newton ever encountered. He quite appreciated 
t3ie difficulty. Over his eagle-eye there was no film — no 
vagueuess in his conceptions. At the very outset his 
theory was confronted by the question, W]iy, when a 
beam of light is incident on a transparent body, are 
some of the light-particles reflected and some trans- 
mitted ? Is it that there are two kinds of particles, 
the one specially fitted for transmission and tlie otliei* 
for reflection ? This cannot be the rtiason ; foi*, if 
we allow a beam of light which lias been reflected 
from one piece of glass to fall upon another, it, as a 
general rule, is also divided into a reflected and a trans- 
mitted portion. Tims the particles once reflected arc 
not always nffiected, nor are the particles once trans- 
mitted always transmitted. Newton saw all tliis ; he 
knew lie had to explain why it is that the self-same 
particle is at one moment reflected and at tlie next 
moment transmitted. It could only be through somej 
charige in the condition of the itself. The 

self-same particle, he affirmed, was affected by ‘ fits ’ 
of easy transmission arid reflection. 

If you are willing to follow me in an attempt to 
reveal the speculative ground- work of this theory of 
fits, the intellectual discipline will, I think, repay you 
for the necessary effort of attention. Newton was chary 
of stating what he considered to be the cause of the 
fits, but tlfens can liardly be a doubt that bis mind 
rested on a physical cause. Nor can there be a doubt 
that here, as in all attempts at theorising, he was 
compelled to fall back upon experience for the materials 
of his theory. Let us attempt to restore his course of 
thought and observation. A magnet would furnish 
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him with the notion of attracted and repelled poles ; 
and he who habitually saw in the visible an imago of 
the invisible would naturally endow his light-particles 
with such poles. Turning their attracted poles tow^ards 
a transparent substance, the particles would be sucked 
in and transmitted ; turning their repelled poles, they 
would be driven away or reflected. Thus, by tJie 
ascription of poles, the transmission and rtiflection of 
tlie self-same particle at ditfereiit times might be 
accounted for, 

Eegard these rings of Newton as seen in pure red 
liglit : they are alternately bright and dark. The 
film of air corresponding to tlie outermost of them 
is not thicker than an ordinary soap-bubl)le, and it 
becomes thinner on approaching the centre ; still 
Newton, as I have said, measured the tliickness cor- 
responding to every ring, and showed the difference 
of tliickness between ring and ring. Now^, mark tlie 
result. For the sake of convenience, let ns call the 
thickness of the him of air corresponding to tlie first 
dark ring d; then Newdon found the distance corre- 
sponding to the second dark ring 2 d ; the thickness 
corresponding to the third dark ring 3 d ; the tliick- 
iiess corresponding to the tenth dark ring 10 d, and so 
on. Surely there must be some liiddon meaning in this 
little distance cZ, wliich turns up^ so constantly ? One 
can imagine the intense interest with which Newton 
pondered its meaning. Observe the probable outcome 
of his thought. He had endowed his light-particles 
with poles, but now he is forced to introduce the notion 
of periodic rectirreiice. Here his power of transfer 
from the sensible to the subsensible would render it 
easy for him to suppose the light-particles animated, 
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not only with a motion of translation, but also with a 
motion of rotation. Newton’s astronomical knowledge 
rendered all such conceptions^ familiar to him. Tlie 
earth lias such a double motion. In tlie time occupied 
in passing over a million and a half of miles of its 
orbit — that is, in twenty-four hours — our planet per- 
forms a complete rotation, and, in the time required to 
pass over the distance Newton’s liglit-particle must 
be supposed to perform a complete rotation. True, tlie 
light-particle is smaller than the planet, and the dis- 
tance instead of being a million and a half of miles, 
is a little over the ninety thousandth of an incli. But 
the two conceptions are, in point of intellectual quality, 
identical. 

Imagine, then, a particle entering the film of air 
where it possesses tliis precise thickness. To enter the 
film, its attracted end must be presented. Within the 
film it is able to turn once completely round; at tlie 
other side of the film its attracted pole will be jigain 
presented ; it will, therefore, enter the glass at the op- 
posite side of tlie film and he lof^t to the eye. All round 
the place of contact, wherever the film possesses this 
precise thickness, the light will eciually disappear — we 
shall therefoi’e have a ring of darkness. 

And now oliserve how well this conception falls in 
with the law of proportionality discovered by Newton. 
When the thickness of the film is 2 d^ the particle has 
time to perform Uuo complete rotations within the 
film ; when the thickness is 3 rZ, three complete rota- 
tions ; when lOcZ, ten complete rotations are per- 
formed. It is manif(5st that in each of these cases, on 
arriving at the second surface of the film, the attracted 
pole of the particle will be presented. It will, there- 
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fore, be transmitted ; and, because no light is sent to 
the eye, we shall have a ring of darkness at each of 
these places. 

The bright rings follow from immediately the same 
conception. They occur between the dark rings, the 
thicknesses to which they correspond being also inter- 
mediate between those of the dark ones. Take the case 
of the first bright ring. The tliickness of tlie film is 
^ (I ; in this interval the rotating particle can perform 
only half a rotation. When, therefore, it reaches tlje 
second surface of the film, its repelled pole is pre- 
sented ; it is, therefore, driven back and reaches the 
eye. At all distances round the centre correspond- 
ing to this thickness the same effect is produced, and 
the consequence} is a ring of brightness. The other 
bright rings are similarly accounted for. At the second 
one, where tlie tliickness is 1| (i!, a rotation and a half 
is performed ; at the third, two rotations and a half ; 
and at each of these places the particles present their 
repelled poles to the lower surface of the film. They 
are therefore sent back to the eye, and produce there 
the impression of brightness. This analysis, though 
involving difficulties when closely scrutinised, enables 
us to see how the theory of fits may have grown into 
consistency in the mind of Newton. 

It has been already stated that the Emission Theory 
assigned a greater velocity to light in glass and water 
than in air or stellar space ; and that cm tliis point 
it was at direct issue with the theory of undulation, 
which makes the velocity in air or stellar space greater 
than in glass, or watei*. By an experiment proposed by' 
Arago, and executed with consummate skill by Fou- 
cault and Fizeau, this question was brought to a crucial 
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test, and decided in favour of the theory of undula- 
tion. 

In the present instance also tlie two theories are at vari- 
ance. Ntnvton assumed tljat tlie action which produces 
the alternate brijjht and dark rings took place at a 
single surface \ that is, the second surface of the film. 
Tlie uiidulatory theory affirms that the rings are caused 
by the interference of waves reflected from both sur- 
faces. This also has been demonstrated by experiment. 
By proper arrangements, as we shall afterwards learn, 
we may abolish reflection from one of the surfaces of 
the film, and when this is done the rings vanish alto- 
gether. 

Kings of feeble intensitj^ are also formed by tmns^ 
nvitted liglit. Tliese are referred by tin? undulatory 
tlioory to tlie interference of waves which have passed 
di/vectly through the film, with others wliich have suf- 
fered Uvo reflections within the film. They are thus 
completely accounted for. 

Newton’s espousal of the emission theory is said to 
have retarded scientific discovery. It might, however, 
be questioned whetlun-, in the long run, the errors 
of great men have not really tiieir effect in reiir- 
dering intellectual progress rhythmical, instead of 
permitting it to remain uniform, the ‘retardation’ in 
each case being the prelude to a more impetuous 
advance. IJ is confusion and stagnation, rather than 
error, that we ought to avoid. Thus, though the undu- 
latory theory was held back for a time, it gathered 
strength in the interval, and its development within 
the last half century has been so rapid and trium- 
phant as to leave no rival in the field. We have now 
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to turn to the investigation of new classes of pheno- 
mena, of wliich it alone can render a satisfactory 
account. « 

Newton, who was familiar with the idea of an ether, 
and who introduced it in some of his speculations, 
objected, as already stated, that if light consisted of 
waves shadows could not exist ; for that the waves 
would bend rouild the edges of opaque bodies and 
agitate the ether behind them. He was right in 
affirming tliat this bending ought to occur, but wrong 
in supposing that it docs not occur. The bending is 
real, though in all ordinary cases it is masked by the 
action of interference. This inflection of the light 
receives the name of Diffraction. 

To study the phenomena of diffraction it is necessary 
that our source of light slioiild be a pliysical point, 
or a fine line ; for when luminous surfaces are employed 
tlie ^vaves issuing from different points of the surface 
obscure and neutralize each other. A point of light of 
high intensity is obtained by a<lmitting the parallel rays 
of the sun through an aperture in a window shutter, and 
concentrating the beam by a lens of sliort focus. The 
small solar image at the focus constitutes a suitable 
point of light. The image of the sun formed on the 
convex surface of a glass bead, or of a watch-glass 
blackemed within, though less intense, will also answer. 
An intense line of light is obtained by admitting the 
sunlight through a slit, and sending it ‘through a 
strong cylindrical lens. The slice of light is contracted to 
a physical line at the focus of the lens. A glass tube 
blackened within and placed in the light, reflects from 
its surface a luminous line which, though less intense, 
also :mswei’s tlie purpose. 
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In the experiment now to be described a vertical 
slit of variable width is placed in front of the electric 
lamp, and tliis slit is looked at .from a distance through 
another vertical slit, also of variable aperture, and held 
in the hand. 

"i'he light of the lamp being, in the first place, 
rendered monochromatic by placing a pure red glass in 
front of tlie slit, when the eye is placed in the straight 
line drawn through botli slits an extraordinary appear- 
ance (shown in fig. 18 ^ is observed. Firstly, the slit in 


Fi«. 18 . 



fi’ont of the lamp is seen as a vivid rectangle of light ; 
but right and left of it is a long series of rectangles, 
decreasiiig in vividness, and separated from each other 
by intervals of absolute darkness. 

The breadth of these bands is seen to vary with the 
width of tlie slit held before the eye. When the slit 
is widened the ])ands become narrower, and they crowd 
more closely together ; when the slit is narrowed, the 
individual bands widen and also retreat from each .other, 
leaving between them wider spaces of darkness than 
before. 

Leaving everything else unchanged, let a blue glass 
or a solution of ammonia-sulphate of copper, which 
gives a very pure blue, be placed in the path of tl)e 
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light. A series of blue bands is thus obtained, exactly 
like the former in all respects save one ; the blue 
rectangles are nrirrowen^ and they are closer together 
than the red ones. 

If we employ colours of intermediate refrangibilities, 
which we may do by causing the different colours of a 
spectrum to shine through the slit, we obtain bands of 
colour intermediate in width and occupying interme- 
diate positions between those of the red and blue. The 
aspect of the bands in red, green, and violet light is 
represented in tig. 19, When ivhlte lights therefore, 


Fk;. 19. 



pusses througli the slit the various colours are liot 
?iiiporj)osed, and instead of a series of monochromatic 
bunds, s('paratt‘d from each other by intervals of dark- 
ness, we have a series of coloured spectra placed side 
by side. When the distant slit is illuminated by a 
candle flame, instead of the more intense electric light ; 
or when a distant platinum wire raised to a white heat 
by an electric current is employed, substantially the 
same effects are observed. 

Wliat is the meaning of these experiments, and how 
are the lateral images of the slit produced ? Of these 
and of a multitude of similar results the Emission 
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Theory is incompetent to offer any satisfactory ex- 
planation. Jjot us see how they are accounted for by 
the Theory of Undulation. * 

And here, with the view of .reaching absolute clear- 
ness, I must make an appeal to that faculty tlie 
importance of which I have dwelt upon so earnestly 
here and elsewhere — the faculty of imagination. Figure 
yourself upon the sea-shore, with a well-formed wave 
advancing. Take a line of particles along the front of 
the wave, all at the same distance below the crest ; they 
are all rising in the same manner and at the same rate. 
Take a si milar line of particles on the back of the wave, 
they are all falling in the same manner and at the 
same rate. Take a line of particles along the crest, 
they are all in tlie same condition as regards the motion 
of the wave. The same is true for a line of particles 
along the furrow of the wave. 

The particles referred to in each of these cases re- 
spectively being in the same condition as regards the 
motion of the wave, are said to be in the same phase 
of vibration. But if you compare a particle on the 
front of the wave with one at the hack ; or more 
generally, if you compare together any two particles 
not occupying the same position in the wave, their 
conditions of motion not being the same, they are said 
to be in different phases of vil)ration. If one of the 
particles lie upon the crest, and the other on the furrow 
of the wave, then, as one is about to rise and the other 
about to fall, they are said to be in opposite phases of 
vibration. 

There is still another point — and it is one of tlie utmost 
importance as regards our present subject — to be cleared 
up. Let 0 (fr\ 20) be a point ’n still w^+or wluV^v 
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when disturbed, produces a series of circular waves : the 
disturbance necessary to produce these waves is simply 
an oscillation up and do>vn of the point 0. Let m n be 

Fig. 20. 


o 



the position of the ridge of one of the waves at any mo- 
ment, and m' vf its position a second or two afterwards. 
Now every particle of water, as the wave passes it, oscil- 
lates, as we have learned, up and down. If, then, this 
oscillation be a sufficient origin of wave motion, then 
each distinct particle of the wave m n ought to be such 
an origin and to give birth to a series of circular waves. 
This is the important point up to which I wished to 
lead you. Every particle of tlie wave m n does act 
in tliis way. Taking each particle as a centre, and 
surrounding it by a circular wave with a radius equal 
to the distance between m n and the coalescence 

of all these little waves would build uf> the larger 
ridg^ m' n' exactly as we find it built up in nature. 
Here, in fact, we resolve the wave-motion into its 
elements, and having succeeded in doing this wc shall • 
have no great difficulty in applying our knowledge to 
optical phenomena. 
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Now let us return to our slit, and, for the sake of sim- 
plicity, we will first consider the case of monocljroinatic 
light. Conceive a series of waves of ether advancing 
from the first slit towards the second, and finally 
filling the second slit. When each wave passes 
through the latter it not only pursues its direct 
course to the retina, but diverges right and left, tend- 
ing to throw into motion the entire mass of the ether 
btdiind the slit. In fact, as already explained, evei'if 
jjoint of the i^vave which fills the slit is itself a centre 
of a new wave-system^ lohich is transmitted in all 
directions through the, ether behind the slit, Tliis is 
the celebrated principle of Iluygliens : we have now 
to examine how these secondary waves act upon each 
other. 

Let us first regard the central l>and of the series. Let 
A P (fig. 21) be the width of the aperture held before the 

Fig. 21. 


A o p 



K 


eye, grossly exaggerated of course, and let the dots across 
the aperture represent ether particles, all in the same 
phase of vibration. Let E T represent a portion of the 
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retina. From O, in the centre of the slit, let a per- 
pendicularO E be imagined drawn upon the retina. The 
motion communicated to the point K will then be the 
sum of all the motions emanating in this direction 
from the ether particles in the slit. Considering the 
extreme narrowness of the aperture we may, without 
sensible error, regard all points of the wave A P as 
equally distant from K. No one of the partial 
waves lags sensibly behind tlie otliers : hence, at E, and 
in its immediate neighbourhood, we have no sensible 
reduction of the light by interference. This undi- 
minishcd light produces the brilliant central band of 
the series. 

Let us now consider those waves wliich diverge 
laterally behind the slit. In this cftse, the waves from 
the two sides of the slit have, in order to converge 
upon the retina, to pass over unequal distances. Let 
A P (fig. 22), represent, as before, the width of the 


Fig. 22. 
Ou- I* 



second slit. We have now to consider the action of 
the various parts of the wave A P upon a point E' of 
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the retina, not situated in the line joining; the slits. 
Let xis take the particular case in wliicli the difference 
in path from tlie two marginal points A,P, to the retina 
is a whole wave-length of the red light ; bow must this 
difference affect the final illumination of the retina ? 

Let us fix om- attention upon the particular oblique 
line that passes through the centre O of the slit to the 
retina at R'. The difference of path between the waves 
which pass along this line and those from the two 
margins is, in the case here supposed, half a wave- 
length. Make e R' equal to P join P and e, and 
draw O d parallel to Pc. Ac is then tlie length of a 
wave of light, while A d is half a wave-length. Now 
the least reflection will make it clear that not only 
is there discordance between the central and marginal 
waves, but that every line of waves such as x E'", on 
the one side of 0 R', finds a line x' R' upon the other 
side of 0 R, from which its path differs by half an 
undulation, with which, therefore, it is in complete 
discordance. The consequence is that the light on the 
one side of the central line Avill completely abolish tlio 
light on the other side of that line, absolute darkness 
being the result of their coalescence. The first dark 
interval of our series of bands is thus accounted for. 
It is produced by an obliquity of direction which causes 
the paths of the marginal waves to be a whole wave^ 
len(]th different from each other. 

When the difference between the paths of tlie mar- 
ginal waves is half awavedength^ a partial destruction 
of the light is effected. The luminous intensity corre- 
sponding to this obliquity is a little less than one-half 
— accurately 0*4— that of the undiffracted light. 

If the paths of the marginal waves be three semi- 
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undulations different from each other, and if the whole 
beam be divided into three equal parts, two of these 
parts will, for the reasops just given, completely neu- 
tralize each other, the third only being effective. 
Corresponding, tlierefore, to an obliquity which pro- 
duces a difference of three semi undulations in the 
marginal waves, we have a luminous band, but one of 
considerably less intensity than the undiffracted cen- 
tral band. 

With a marginal difference of path of four semi- 
undulations we have a second extinction of tlie entire 
beam, because liere tlie beam can be divided into four 
equal parts, every two of which quench each other. 
A second space of absolute darkness will therefore 
correspond to the obliquity producing this difference. 
In this way we might proceed further, the general 
result being that, whenever tlie direction of wave- 
motion is such as to produce a marginal difference of 
path of an even number of semi-undulations, we have 
complete extinction ; while, when tlie marginal dif- 
ference is an odd number of semi-undulations, wo have 
only partial extinction, a portion of the beam remaining 
as a luminous band. 

A moment’s reflection will make it plain that the 
wider the slit the less will be the obliquity of direction 
needed to produce the necessary difference of path. W ith 
a wide slit, therefore, the bands, as stated, will 1 o closer 
together than with a narrow one. It is also plain that 
the shorter the wave, the less will bo the obliquity re- 
quired to produce the necessary retardation . The maxi ma 
and minima of violet light must therefore fall nearer to^ 
the centre than the maxima and minima of red light. 
The maxima and minima of the other colours fall 



90 


ON LIGHT. 


between these extremes. In this simple way the 
undiihitory theory completely accounts for the extra- 
ordinary appearance above referred to. 

When a slit and telescope are used, instead of the 
slit and naked eye, the effects are inajjnitied and ren- 
dered more brilliant. Looking, moreover, through 
a properly adjusted telescope at a distant point of light 
with a small circular aperture in front of it, the point 
is seen encircled by a series of coloured bands. If 
monochromatic light be used, these bands are simply 
bright and dark, but with white light the circles display 
iris-colours. If a slit be shortened so as to form a 
square aperture, we have two series of spectra at right 


Fig. 23. 



angles to each other. The effects, indeed, are capable 
of endless variation by varying the size, shape, and 
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light and shade in such figures has been calculated from 
theory by Fresnel, Fraunhofer, Ilerschel, Schwerd, 
and others, and completely verified by experiment. 
Your eyes could not tell you with greater certainty of 
the existence ^of these bands than the theoretic calcu- 
lation. * 

The street-lamps at night, looked at through the 
meshes of a handkerchief, show diffraction phenomena. 
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The diffraction effects obtained in looking" through a 
bird’s feathers are, as shown by Scbwerd, veyy brilliant 
The iridescence of certain Alpine clouds is also an effect 
of diffraction whicli may be imitated by the spores 
of Lycopodium. When shaken over a glass plate 
these spores cause a point of light, looked at through 
the dusted plate, to be surrounded by coloured circles, 
which rise to actual splendour when the light becomes 
intense. Shaken in the air the spores produce the same 
effect. The diffraction phenomena obtained during 
the artificial precipitation of clouds from the vapours of 
various liquids in an intensely illuminated tube are ex- 
ceedingly fine. 

One of the most interesting cases of diffraction by 
small particles that ever came before me was that of an 
artist whose vision was disturbed by vividly-coloured 
circles. He was in great dread of losing liis sight ; 
assigning as a cause of his increased fear that the 
circles were becoming larger and the colours more 
vivid. I ascribed the colours to minute particles in 
the humours of the eye, and ventured to encourage 
him by the assurance that the increase of size and 
vividness on the part of the circles indicated that the 
diffracting particles were becoming smaller^ and that 
they might finally be altogether absorbed. The predic- 
tion was verified. It is needless to say one word on the 
necessity of optical knowledge in the case of the prac- 
tical oculist. 

Without breaking ground on the chromatic pheno- 
mena presented by crystals, two other sources of colour 
'may be mentioned here. By interference in the earth’s 
atmosphere the light of a star, as shown by Arago, is 
self-extinguished, the twinkling of the star and the 
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changes of colour which it undergoes being due to this 
cause. Looking at such a star through an opera 
glass, and shaking th,e glass so as to cause the 
image of the star to pass rapidly over the retina, 
you produce a row of coloured beads, the spaces 
between which correspond to the periods of extinction. 
Fine scratches drawn upon glass or polished metal 
reflect the waves of light from their sides ; and 
some, being reflected from opposite sides of the 
same furrow, interfere with and quench each other. 
But the obliquity of' reflection which extinguishes 
the shorter waves does not extinguish the longer 
ones, lienee the phenomena of colour. These are 
called the colours of stHated surfaces. They are 
beautifully illustrated by mother-of-pearl. This shell 
is composed of exceedingly thin layers, wliich, when cut 
across by tlie polishing of the shell, expose tlieir edges 
and furnish the necessary small and regular grooves. 
The most conclusive proof tliat the colours are due to 
the mechanical state of the surface is to be found in 
the fact, established by Brewster, that by stamping the 
shell carefully upon black sealing-wax, we transfer the 
grooves, and produce upon the wax tlie colours of 
mother-of-pearl. 
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One of the objects of our last lecture, and tliat not tlie 
least important, was to illustrate the manner in which 
scientilic theories are formed. They? in the first place, 
take their rise in the desire of the mind to penetrate 
to the sources of pJienomena. From its infinitesi- 
mal beginnings, in ages long past, this desire has 
grown and strengthened into an imperious demand of 
man’s intellectual nature. It long ago prompted 
(lesar to say that lie would exchange his victories for 
a glimpse of the sources of Die Nile ; it A'rought itself 
into the atomic theories of Lucretius; it impels Darwin 
to those daring speculations wliich of late years have 
so agitated the public mind. But in no cuse in frairl^ 
ing theories does the imagination create its materials. 
It expands, diminislies, moulds and refines, as the case 
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may be, materials derived from the world of fact and 
observation. 

This is more evidently the case in a theory like that 
of light, where tlie motions of a siibsensible medium, 
the ether, are presented to the mind. But no theory 
escapes the condition. Newton took care not to en- 
cumber the idea of gravitation with unnecessary physi- 
cal conceptions; but we know that lie indulged in 
them, though lie did not connect them with his 
theory. But even the theory as it stands did not 
enter the mind as a revelation dissevered from the 
world of experience. The germ of the conception 
that the sun and planets are held together by a force 
of attraction is to be found in the fact that a 
magnet had been previously seen to attract iron. The 
notion of matter attracting matter came thus from 
without, not from within. In our present lecture the 
magnetic force must serve us as the portal into a new 
siibsensible domain; but in the first place we must 
master its elementary plienomena. 

The general facts of magnetism are most simply 
illustrated by a magnetized bar of steel, commonly 
called a bar magnet. Placing such a magnet upright 
iiyion a table, and bringing a magnetic noodle near its 
liottom, one end of the needle is observed to retreat 
from the magnet, while the other as promptly ap- 
proaches. The needle is hold quivering there by some 
invisible influence, exerted upon it. Kaising the needle 
along the magnet, but still avoiding contact, the rapi- 
dity of its oscillations decreases, because the force act- 
ing upon it becomes w^eaker. At the centre tlie oscil- 
lations cease. Above the centre, the end of the ^needle 
w^i'‘h h*'d nr^^\M'ou«lv drawn toward:; tlio magu(4 



111 . 


EXTENSION OF MOTION TO MOLECULES. 97 


retreats, and the opposite end approaches. As we as- 
cend higher, the oscillations become more violent, 
because the force becomes stronger. At the upper end 
of the magnet, as at the lower, the force reaches a 
maximum ; but all the lower half of the magnet, from 
E to S (fig. 25), attracts one end of the needle, while 
all the upper half, from E to N, attracts the opposite 
end. This douhleneas of the magnetic force is called 
polarity^ and the points near the ends of the magnet in 
which the forces seem concentrated are called its poles. 


Fig.. 2o. 



What, then, will occur if we break this magnet in 
two at the centre E ? Will each of the separate halves 
act as it did when it formed part of the whole magnet? 
Ifo ; each half is in itself a perfect magnet, possessing 
two poles. l"his may be proved by breaking something 
of less value than the magnet — the steel of a lady’s 
stays, for example, hardened and magnetized. It act?^^ 
like the magnet. When broken, each half acts like 
the whole ; and when these parts are again broken, we 

H 
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have still the perfect magnet, possessing, as in the first 
instance, two poles. Push your breaking to its utmost 
sensible limit, you cannot stop there. The bias derived 
from observation will infallibly carry you beiyond the 
bourne of the senses, and compel you to regard this 
thing that we call magnetic polarity as resident in tlie 
ultimate particles of the steel. You come to the 
conclusion that each atom of the magnet is endowed 
with tliis polar force. 

Like all other forces, this force of magnetism is 
amenable to mechanical laws ; and, knowing tlie direc- 
tion and magnitude of the force, we can predict its 
action. Placing a small magnetic needle near a bar 
magnet, it takes up a determinate position. That 
position might be deduced theoretically from tlie 
mutual action of the poles. Moving tlie needle round 
the magnet, for each point of the surrounding space 
there is a definite direction of the needle, and no 
other, A needle of iron will answer as well as the 
magnetic needle ; for the needle of iron is magnetized 
by the magnet, and acts exactly like a steel needle 
independently magnetized. 

If we place two or more needles of iron near the mag- 
net, tlie action becomes more complex, for then the 
needles are not only acted on by the magnet, but 
they act upon each other. And if we pass to smaller 
masses of iron — to iron filings, for example — we find 
that they act substantially as the needles, arranging 
themselves in definite forms, in obedience to the mag- 
netic action. 

* Placing a slieet of paper or glass over this bar 
magnet and showering iron filings upon the paper, I 
notice a tendency of the filings to arrange themselves 
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in determinate lines. They cannot freely follow this 
tendency, for they are hampered by the friction against 
tlie paper. They are Jielped by tapping the paper ; 
each tap releasing them for a moment, and enabling 


Fig. 26. 



N is t}>c nozzle of tlie lamp ; M a plane mirror, rotloctins the l>cam upwards. A 
1> the magnets and iron tilings are plnmi ; L is a lens which forms an image u 
the magnets aii<l tilings ; and U is a totally-reflecting prism, which casts the imag 
G uiK)n the screen. 


them to follow their tendencies. But this is an experi- 
‘ ment wliich can only be seen by myself. To finable you all 
to see it, I take a pair of small magnets and by a simple 
optical arrangement throw the magnified images of the 
magnets upon the screen. Scattering iron filings ove4» 
the glass plate to which the small magnets are attached, 
and tapping the plate, you see the arrangement of the 
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iron filings in those magnetic curves which have been 
so long familiar to scientific men.*. 

The aspect of these curves • so fascinated Faraday 
that the greater portion of his intellectual life was de- 
voted to pondering over them. He invested the space 
through which they ruii with a kind of materiality ; 
and the probability is that the progress of science, by 
connecting the plienomena of magnetism with the lumi- 
niferous ether, will prove these ‘lines of force,’ as 
Faraday loved to call them, to represent a condition of 
this mysterious substratum of all radiant action. 

But it is not the magnetic curves, as such, but 
their relationship to theoretic conceptions tliat we have 
now to consider. By the action of the bar magnet upon 
the needle we obtain a notion of a polar force ; by the 
breaking of the strip of magnetized steel, we attain the 
notion that polarity can attach itself to the ultimate 
particles of matter. The experiment with the iron 
filings introduces a new idea into the mind ; the idea, 
namely, of structural arrangement. Every pair of fil- 
ings possesses four poles, two of which are attractive 
and two repulsive. The attractive poles approach, the 
repulsive poles retreat ; the consequence being a certain 
definite arrangement of the particles with reference to 
each other. 

Now, this idea of structure, as produced by polar 
force, opens a way for the intellect into an entirely new 
region, and tiie reason you are asked to accompany me 
into this region is, that our next inquiry relates to the 
action of crystals upon light. Before I speak of this 

• Very beautiful specimens of these curves have been recently obtained 
ixnA fixed by my distinguished friend. Prof, Mayer, of Hoboken, to whom 
J am indebted for the original of the woodcut placed in front of this 
Lecture. 
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action, I wish you to realise intellectually the process 
of crystalline architecture. Look then into a granite 
quarry, and spend a few minutes in examining the 
rock. It is not of perfectly uniform texture. It is 
rather an agglomeration of pieces, which, on examina- 
tion, present curiously-defined forms. You have there 
what mineralogists call quartz, you have felspar, you 
liave mica. In a mineralogical cabinet, where these 
substances are preserved separately, you will obtain 
some notion of tlieir forms. You will see there, also, 
specimens of beryl, topaz, emerald, tourmaline, heavy 
spar, fluor-spar, Iceland spar — possibly a full-formed 
diamond, as it quitted the hand of Nature, not yet 
having got into the hands of the lapidary. 

These crystals, you will observe, are put together ac- 
cording to law; they arc not cliance productions ; and, if 
you care to examine them more minutely, you will find 
their architecture capable of being to some extent 
revealed. They often split in certain directions before 
a knife-edge, exposing smooth and shining surfaces,' 
which are called planes of cleavage ; and by following 
these planes you sometimes reach an internal form, 
disguised beneath the external form of the crystal. 
Ponder these beautiful edifices of a hidden builder. 
You cannot help asking yourself how they were built; 
and familiar as you now are with the notion of a polar 
force, and the ability of that force to produce structural 
arrangement, your inevitable answer will 1[)e, tliat those 
crystals are built by the play of polar forces with which 
their molecules are endowed. In virtue of these forces, 
atom lays itself to atom in a perfectly definite waiy», 
the final visible form of the crystal depending upon 
this play of its molecules. 

Eveiywhere in Nature we observe this tendency to 



102 


ON LIGHT. 


LECT. 


run into definite formSj and nothing is easier than to 
give scope to this tendency by artificial arrangements. 
Dissolve nitre in water, and aHow the water slowly to 
evaporate; the nitre remains, and the solution soon 
becomes so concentrated tliat the liquid condition can 
no longer be preserved. The nitre-molecules approach 
each other, and come at length within the range of 
their polar forces. They arrange themselves in obedi- 
ence to these forces, a minute crystal of nitre being at 
first produced. On this crystal the molecules continue 
to deposit themselves from the surrounding liquid. 
Tlie crystal grows, and finally we have large prisms of 
nitre, each of a perfectly definite shape. Alum cry- 
stallizes with the utmost ease in this fashion. The 
resultant crystal is, however, different in shape from 
that of nitre, because the poles of the molecules are 
differently disposed. If they be only nursed with 
proper care, crystals of these substances may be caused 
to grow to a great size. 

The condition of perfect crystallization is, that the 
crystallizing force shall act with deliberation. There 
should be no hurry in its operations ; but every mole- 
cule ought to be permitted, without disturbance from* 
its neighbours, to exercise its own molecular rig||^ts. If 
the crystallization be too sudden, the regularity disap- 
pears. Water may be saturated with sulphate oi^aoda, 
dissolved when the water is hot, and afterwards perhut- 
ted to cool. *VVhen cold the solution is supersatujrM^d ; 
that is to say, more solid matter is contained in it 
corresponds to its temperature. Still the molec^tes 
snow no sign of building themselves together. V ' 

This is a very remarkable, though a very common fact. 
The molecules in the centre of the liquid are so hampered' 
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by the action of their neighbours that freedom to follow 
their own, tendencies is denied to them. Fix your 
mind’s eye upon a mole\5ule within the mass. It wislu's 
to unite with its neiglibour to the right, but it wishes 
equally to unite with its neighbour to the left; the 
one tendency neutralizes the other, and it unites with 
neither. We have here, in fact, translated into mole- 
cular action, the well-known suspension of animal 
volition produced by two equally inviting bundles of 
hay. But, if a* crystal of sulphate of soda be dropped 
into the solution, the molecular indecision ceases. On 
the crystal the adjacent molecules will immediately 
precipitate themselves ; on tliese again others will be 
precipitated, and this act of precipitation will continue 
from the top of the flask to the bottom, until the 
solution has, as far as possible, assumed the solid 
form. The crystals here produced are small, and con- 
fusedly arranged. The process has been too liasty to 
admit of the pure and orderly action of the crystal- 
lizing force. It typifies the state of a nation in which 
natural and healthy change is resisted, until society 
becomes, as it were, supersaturated with the desire for 
change, the change being then effected throiigli con- 
revolution, which a wise foresight might 
fiiaVe avoided. 

, me illustrate the action of crystallizing force by 
tufS ; examples of it : Nitre might he employed, but 
anbllier well-known substance enables mb to make tlie 
^^i^riment in a better form. The substance is com- 
sal-ammoniac, or chloride of ammonium, dissolved 
^ water. Cleansing perfectly a glass plate, the solu- 
tion of the chloride is poured over the glass, to which, 
when the plate is set on edge, a thin film of the liquid 
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adheres. Warming the glass slightlj^, evaporation is 
promoted, but by evaporation the water only is re- 
moved. The plate is then placed in a solar micro- 
scope, and, an image of the film is thrown upon a white 
screen. Tlie warmth of the illuminating beam adds 
itself to that already imparted to the glass plate, so 
that after a moment or two the dissolved salt can no 
longer exist in the liquid condition. Molecule then 
closes with molecule, and you have a most impressive 
display of crystallizing energy overspreading the whole 
screen. You may produce something similar if you 
breathe upon the frost-ferns which overspread your 
window-panes in winter, and then observe through a 
pocket lens the subsequent recongelation of the film. 

In this case the crystallizing force is hampered by 
the adhesion of tlie film to the glass ; nevertheless, the 
play of power is strikingly beautiful. Sometimes tlie 
crystals start from the edge of the film and run through 
it from that edge, for, the crystallization being once 
started, the molecules throw themselves by preference 
on the crystals already formed. Sometimes the crys- 
tals start from definite nuclei in the centre of the 
film; every small crystalline particle which rests in 
the film furnisliing a starting-point. Throughout the 
process yon notice one feature which is perfectly un- 
alterable, and that is, angular magnitude. The spiculie 
branch from the trunk, and from these branches others 
shoot ; but the angles enclosed by the spiculse are un- 
alterable. In like manner you may find alum-crystals, 
quartz-crystals, and all other crystals, distorted in shape. 
Chey are thus far at the mercy of the accidents of 
crystallization ; but in one particular they assert their 
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superiority over all such accidents — angular niagni^ 
tnde is always rigidly preserved. 

My second example of*the action of crystallizing force 
is this : By sending a voltaic current through a liquid, 
you know that we decompose the liquid, and if it con- 
tains a metal, we liberate this metal by the electrolysis. 
This small cell contains a solution of acetate of lead, 
which is chosen for our present purpose because lead lends 
itself freely to this crystallizing power. Into the cell 
are dijjped two very thin platinum wires, and thesie are 
connected by other wires with a small voltaic battery. 
On sending the voltaic current through the solution, 
the lead will be slowly severed from the atoms with 
which it is now combined ; it will be liberated upon 
one of the wires, and at the moment of its liberation it 
will obey the polar forces of its atoms, and profiuce 
crystalline forms of exquisite beauty. Tliey are now* 
before you, sprouting like ferns from the wire, appear- 
ing indeed like vegetable growths rendered so rapid as 
to be plainly visible to the naked eye. On reversing 
the current, these wonderful lead-fronds will dissolve, 
while from the other wire filaments of lead dart through 
tlie liquid. In a moment or two the growth of the lead- 
trees recommences, but they now cover the other wire. 

In the process of crystallization, Nature first reveals 
herself as a builder. Where do her operations stop ? 
Does she continue by the play of the same forces to 
form the vegetable, and afterwards the anftnal I What- 
ever the answer to these questions may be, trust me 
that the notions of the coming generations regarding 
this mysterious thing, which some have called ‘ brut^ 
matter,’ will be very different from those of the genera- 
tions past. 
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There is hardly a more beautiful and instructive 
example of this play of molecular force than that 
furnished by the case of wattjr. You have seen the 
exquisite fern-like fdriris produced by the crystallization 
of a film of water on a cold window-pane.^ You liave 
also probably noticed the beautiful rosettes tied togethc^r 
by the crystallizing force during tlie descent of a snow- 
shower on a very calm day. The slopes and summits 
of the Alps are loaded in winter with these blossoms 
of the frost. They vary infinitely in detail of beauty, 
but the same angular magnitude is preserved throiigli- 
out : an inflexible power binding spears and spiculse to 
the angle of 60 degrees. 

The common ice of our lakes is also ruled in its 
deposition by the same angle. You may sometimes 
see in freezing water small crystals of stellar shapes, 
each star consisting of six rays, with this angle 
of 60° between every two of them. This structure 
may be revealed in .ordinary ice. In a sunbeam, 
or, failing that, in our electric beam, we have an 
instrument delicate enough to unlock the frozen mole- 
cules without disturbing the order of tlieir arclutecture. 
Cutting from clear, sound, regularly-frozen ice a slab 
parallel to tlie planes of freezing, and sending a sun- 
beam througli such a slab, it liquefies internally at 
special points, round each point a six-petalled li(piid 
Hower of exquisite beauty being formed. Crowds of 
such flowers 'are thus produced. From an ice-house we 
sometimes take blocks of ice presenting misty spaces in 
tlie otherwise continuous mass ; and when we inquire 

I 

* A specimen of the plumes produced by water crystallization is 
figured in tlio Frontispiece; an account of it wiJl be found in the 
Appendix. 
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into the cause of this mistiness, we find it to be due to 
myriads of small six-petalled flowers, into which the ice 
lias been resolved by the^mere heat of conduction. 

A moment’s further devotion to the crystallization 
of water will be well repaid ; for the siim of qualities 
which renders tliis substance fitted to play its part in 
Nature may well excite wonder and stimulate thought. 
Like almost all other substances, water is expanded by 
heat and contracted by cold. Let this expansion and 
contraction be first illustrated : 

A small flask is filled with coloured water, and 
stopped with a cork. Through the cork passes a glass 
tube water-tight, the liquid standing at a certain 
height in the tulie. The flask and its tube resemble 
the bulb and stem of a thermometer. Applying the 
heat of a spirit lamp, the water rises in tlie tube, and 
finally trickles over the top. h)xpansion by heat is 
thus illustrated. 

Eemoving the lamp and piling a freezing mixture 
round the flask, the liquid column falls, thus showing 
the contraction of the water by the cold. But let 
the freezing mixture continue to act : the falling of 
the column continues to a certain point; it then 
ceases. The top of the column remains stationary for 
some seconds, and afterwards begins to rise. The con- 
traction has ceased, and ejcpansion by cold sets in. Lei 
the expansion continue till the liquid trickles a second 
time over the top of the tube. The freezing mixture has 
here produced to all appearance the same effect as the 
flame. In the case of water, contraction by cold ceases, 
and expansion by cold sets in at the definite tempersH' 
ture of 39"^ Fahr. Crystallization has virtually here 
commenced, the molecules preparing themselves for the 



108 


ON LIGHT. 


LKCT. 


subsequent act of solidifixsation which occurs at 32% and 
in which the expansion suddenly culminates. In virtue 
of this expansion, ice, as you know, is lighter than 
water in the proportion of 8 to 9.' 

A molecular problem of great interest is liere in- 
volved, and I wish now to place before you, for the 
satisfaction of your minds, a possible solution of the 
problem : — 

Consider, then, the ideal case of a number of magnets 
deprived of weight, but retaining their polar forces. If 
we had a mobile liquid of the specific gravity of steel, 
we might, by making the magnets float in it, realize this 
state of things, for in such a liquid the magnets would 
neither sink nor swim. Now, tlie principle of gravi- 
tation enunciated by Newton is that every particle of 
matter, of every kind, attracts every other particle with 
a force varying as the inverse square of the distance. In 
virtue of the attraction of gravity, then, the magnets, if 
perfectly free to move, would slowly approach each other. 

Bufi besides the unpolar force of gravity, which be- 
longs to matter in general, the magnets are endowed 
with the polar force of magnetism. For a time, however, 
the polar forces do not come sensibly into play. In this 
condition tlie magnets resemble our water-molecules 

* In a little volume entitled ‘Forms of Water/ I have mentioned 
that eold irtjn floats upon molten iron. In company with my friend Sir 
William Armstrong, I had repeated opportunities of witnessing tliis 
fact in his works at FIswick, 1863. Faraday, I remember, spoke to mo 
subse(iueiitly of \he completeness of iron castings as probably due to tho 
swelling of tho metal on solidification. Beyond this, I have given the 
subject no special attention; and I know that many intelligent iron- 
fbundors doubt the fact of expansion. It is quite possible that the 
^#.ulid floats because it is not wetted hy the molten iron, its volume being 
virtually augmented by capillary repulsion. Certain flies walk freely 
upon water in virtue of an action of this kind. With bismuth, how- 
ever, it is easy to burst iron bottles by tho force of solidification. 
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at the temperature say of 50®. * But the magnets come 
at length sufficiently near each other to enable their 
poles to interact. From this point the action ceases 
to be solely a general attraction of the masses. An 
attraction of special points of the masses and a repul- 
sion of other points now come into play ; and it is 
easy to ^ee that the rearrangement of the magnets con- 
sequent ux)on the introduction of these new forces may 
be such as to require a greater amount of room. This, I 
take it, is the case with our water-molecules. Like the 
magnets, they approach each other for a time as wholes. 
Previous to reaching the temperature 39® Fahr., the 
polar forces had doubtless begun to act, but it is at 
this temperature that their action exactly balances the 
contraction due to cold. At lower temperatures, as 
regards change of volume, the polar forces predominate. 
But they carry on a struggle with the force of contrac- 
tion until the freezing temperature is attained. The 
molecules then close up to form solid crystals, a con- 
siderable augmentation of volume being the immediate 
consequence. 

We have now to exhibit the bearings of this act of 
crystallization upon optical phenomena. According to 
the undulatory theory, the velocity of light in water and 
glass is less than in air. Consider, then, a small por- 
tion of a wave issuing from a point of light so distant 
that the portion may be regarded as practically plane. 
Moving vertically downwards, and impinging on an 
horizontal surface of glass or water, the wave would go 
through the medium without change of direction. Biity 
as the velocity in glass and water is less than the 
velocity in air, the wave would be retarded on passing 
into the denser medium. 
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But suppose tlie wave, before reaching the glass, to 
be oblique to the surface ; that end of the wave which 
first reaches the medium will be the first retarded by 
it, tlie other portions as they enter the glass being re- 
tarded in succession. It is easy to see that tliis 
retardation of the one end of the wave must cause it 
to swing round and change its front, so that wben the 
wave has fully entered the glass its course is oblique to 
its original direction. According to the undulatory 
theory, light is thus refracted. 

With these considerations to guide us, let us follow 
the course of a beam of monochromatic light through our 
glass prism. The velocity in air is to its velocity in glass 


Fig. 27. 
B 



as 2 : 3. Let a B c (fig. 27) be the section of our 
prism, and a b the section of a plane wave approacli- 
ing it in the direction of the arrow. When it reaches 
G cJ, one end of the wave is on the point of entering the 
glass, and while the portion of the wave still in the air 
passes over the distance the wave in the glass will 
have passed over only two-thirds of this distance, or 
d /. The line e f now marks the front of the wave. 
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Immersed wholly in the glass it pursues its way to g //, 
where the end g of the wave is on the point of escaping 
into the air. During the time required by the end h 
of the wave to pass over the distance hh to the surface 
of the prism, the other end moving more rajhdly, 
will have readied the point i. The wave, therefore, 
has again changed its front, so tliat after its emergence 
from the prism it will pass on to I m, and subsequently 
in tlie direction of the arrow. The refraction of the 
beam is thus completely accounted for; and it is, more- 
over, based upon actual experiment, which proves 'that 
the ratio of the velocity of light in glass to its velocity 
in air is that here mentioned. It is plain that if the 
change of velocity on entering the glass was greater, 
the refractor also would be gi’eater. 

The two elements of rapidity of propagation, both 
of sound and light, in any substance whatever, are 
elasticity and density^ the speed increasing with the 
former and diminishing with the latter. The enormous 
velocity of light in stellar space is attainable because 
the ether is at the same time of infinitesimal density 
and of enormous elasticity. Now the ether surrounds 
the atoms of all bodies, but it is not independent of them. 
In ponderable matter it acts as if its density were in- 
creased without a proportionate increase of elasticity; 
and this accounts for the diminished velocity of light in 
refracting bodies. We here reach a point of cardinal im- 
portance. In virtue of the crystalline architecture that 
we have been considering, the ether in many crystals 
possesses diiferent densities in different directions ; and 
the consequence is, that some of these media transmit 
light with tMTO different velocities. But as refraction 
depends wholly upon the change of velocity on entering 
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the refracting medium, and is greatest where the 
change of velocity is greatest, we have in many 
crystals two different refractions. By such crystals a 
beam of light is divided into two. This effect is called 
douhle r efr actio ii. 

In ordinary water, for example, there is nothing in the 
grouping of the molecules to interfere with the perfect 
homogeneity of the ether; but, when water crystallizes 
to ice, the case is different. In a plate of ice the 
elasticity of the ether in a direction perpendicular to 
the surface of freezing is different from what it is 
parallel to tlie surface of freezing ; ice is, therefore, a 
double refracting substance. Double refraction is dis- 
played in a particularly impressive manner by Iceland 
spar, which is crystallized carbonate of lime. The 
difference of ethereal density in two directions in this 
crystal is very great, the separation of the beam into 
the two halves being, therefore, particularly striking. 

I am unwilling to quit this subject before raising it 
to unmistakable clearness in your minds. The vibra- 
tions of light being transversal, tlie elasticity concerned 
in the propagation of any ray is the elasticity at right 
angles to the direction of propagation. In Iceland 
spar there is one direction round which the ciystalline 
molecules are symmetrically built. This direction is 
called the axis of the crystal. In consequence of this 
symmetry the elasticity is the same in all directions 
perpendicular to the axis, and hence a ray transmitted 
along the axis suffers no double refraction. But the 
elasticity along the axis is greater than the elasticity 
aJi right angles to the axis. Consider then a system of 
waves crossing the crystal in a direction perpendicular 
to the axis. Two directions of vibration are open to 
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such waves: the ether particles can vibrate parallel 
to the axis or perpendicular to it. They do both, and 
hence immediately divkle themselves into two systems 
propagated with different velocities. Double refraction 
is the necessary consequence. 

By means" of Iceland spar cut in the proper direction, 
double refraction is capable of easy illustration. Before 
you is now projected an image of our carbon-points. 
Causing the beam which builds the image to pass 
through the spar, the single image is instantly diyided 
into two. Projecting (by the lens B,’fig. 28) an image 
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of the aperture (L) through which the light issues from' 
the electric lamp, and introducing the spar i^P), two 
luminous disks (E 0) appear immediately upon the 
screen instead of one. 

The two beams into which the spar divides the single 
incident-beam have been subjected to the closest e:^ 
amination. They do not behave alike. One of them 
obeys the ordinary law of refraction discovered by Snell, 
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and is, therefore, called the ordinary ray \ its index of 
refraction is 1*483. The other does not obey this law. 
Its index of refraction, for example, is npt constant, 
but varies from a maximum of 1 *654 to a minimum 
of 1*483 ; nor do the incident and refracted rays 
always lie in the same plane. It is, therefore, called 
the extraordinary ray. To calc-spar, as just stated, 
tlie ordinary ray is the most refracted. One consequence 
of this merits a passing notice. Pour water and bi- 
sulphide of carbon into two cups of the same depth, 
the cup that contains the more strongly-refracting 
liquid will appear shallower than the other, l^lace a 
piece of Iceland spar over a dot of ink ; two dots are 
seen, the one appearing nearer than the otlier to the eye. 
The nearest dot belongs to tho most strongly-refracted 
ray, exactly as tlie nearest cup bottom belongs to tlie 
most highly refracting li<jiiid. When you turn the 
spar round, the extraordinary image of the dot rotates 
round the ordinary one, which remains fixed. This is 
also the deportment of our two disks upon the screen. 

The double refraction of Iceland spar was first treated 
in a work publislicd by Erasmus Bartholinus, in 1669. 
The celebrated Huyghens sought to account for this 
phenomenon on the principles of the wave tlieory, and 
he succeeded in doing so. He, moreover, made highly 
important observations on the distinctive character of 
the two beafms transmitted by tlie spar, admitting, 
with resigned candour, that he had npt solved them, 
and leaving that solution to future times. Newton, 
Tbflecting on tlie observations of Huyghens, came to 
the conclusion that each of the l>eams transmitted by 
Iceland spar had two sides ; and from the analogy o^ 
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this tiuo*sidedness with the two-ended/nesa of a magnei; 
w^herein consists its polarity, the two beams came sub- 
sequently to be describr>d as pokirized. 

We shall study tins subject of the polarization of 
light with ease and profit by means of a crystal of 
tourmaline. But we must start with a clear conception 
of an ordinary beam of light. It has been already 
explained that the vibrations of the individual etlier- 
particles are executed across the line of propagation. 
In the case of ordinary light we are to figure tlie, ether 
particles as vibrating in all directions, or azimuths, as it 
is sometimes expressed, across this line. 

Now, in the case of a plate of tourmaline cut parallel 
to the axis of the crystal, a beam of light incident upon 
the plate is divided into two; the one vilvrating parallel to 
tlie axis of the cirystal, the other at right angles to the 
axis. Tlie grouping of the molecules, and of tlie ether 
associated with the molecules, reduces all the vibrations 
incident upon the crystal to thes(? two directions. One 
of these beams, namely, that one whose vibrations are 
perpendicidar to the axis, is (|ueiiched witli exceeding 
rapidity by tlie tourmaline. To such vibrations many 
.specimens of this cry.stal are highly opaque ; so that, 
after liaving passed through a very small thickness of 
the tourmaline, the liglit emerges with all its vibrations 
reduced to a single plane. In this condition it is what 
we call a beam of plane polarized light. 

A moment’s reflection will show that, if what is here 
stated be correct, on placing a second plate of tourma- 
line with its axis parallel to the first, the light will 
pass through both ; but that, if the axes be crossed, Ae 
light that passes through the one plate will be ([uenched 
by the other, a total interception of the light being the 
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consequence. Let us test this conclusion by experi- 
ment. The image of a plate of tourmaline {t t, fig. 
. 29) is now before you. I place, parallel to it another 

Fio. 20. 
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plate (i' l^) : the green of the crystal is a little deeijened, 
nothing more ; this agrees witli our conclusion. By 
means of an endless screw, I now turn one of the crys- 
tals gradually round, and you observe that as long as 
the two plates are oblique to each other, a certain por- 
tion of light gets through ; but tiiat when they are at 
right angles to each other, tlio spac(^ common to botli 
is a space of darkness (fig. 30). Here also our 
conclusion, arrived at prior to experiment, is verified. 

Let us now return to a single plate ; and Jiere let 
me say tliat if is on the green light transmitted by the 
tourmaline that you are to fix your attention. We 
liaye to illustrate tlie two-sidedness of that green light, 
in contrast to the all-sidedness of ordinary light. The 
light surrounding the green image, being ordinary light, 
is reflected by a plane glass mirror in all directions. 
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the green light, on the contrary, is not so reflected. 
The image of the tourmaline is now liorizonhal; re- 
flected upwards, it is *still green ; refl€^,cted sideways, 
the imJige is reduced to blackness, because of the in- 
corapetency of the green^ to be reflected in tins 

direction. Slaking the plate of tourmaline vertical, 
and reflecting it as before, it is in the upper image that 
the liglit is quenched ; in tlie side imago you have now 
the green. Tliis is a result of the greatest significance. 
If the vibrations of light wercj longitudinal, like*tliose 
of sound, you could have no action of this kind; and 
this very acition compels us to assume that the vibra- 
tions are transversal. Picture tlie thing clt‘arly. In 
the one case the mirror receives the impact of the 
edfjes of the waves, the green light being then quenched. 
In tlie otlier ease the of the waves strike the mir- 
ror, and the green light is reflected. To render tlie 
extinction coinplete, the light must be received upon 
the mirror at a special angh*. Wliat this angle is we 
shall learn presently. 

The quality of iwo-sidodness confi'rred upon light 
by crystals may also be conferrtKl upon it by ordinary 
reflection. Mains made this discovery in 1808, while 
looking throiigli Iceland spar at the liglit of tlie sun 
reflected from the window's of the Luxembourg palace 
in Paris. I receive upon a plate of ^vindow-glass the 
beam from our lamp ; a great portion of the light re- 
flected from the glass is polarized. The vibrations of 
this reflected beam .are executed, for tlie most part, 
parallel to tlie surface of the glass, and when the glass 
is held so that the beam shall make an angle of liS'* 
with the perpendicular to the glass, the whole of the 
reflected beam is polarized. It was at this <angle that 
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the image of the tourmaline was completely quenclied in 
our former experiment. It is calledthepolainzingaiigle. 

Sir David Brewster proved the angle of polarization 
of a medium to be that particular angle at which the 
refracted and reflected rays inclose a right aiigle.^ The 
polarizing angle augments with the index of refraction. 
For water it is 52^° ; for .glass, as already stated, 58° ; 
while for diamond it is 68°. 

And now let us try to make substantially the 
experiment of Mains. The beam from the lamp 
is received upon this plate of glass and reflcicted through 
the spar. Instead of tvvo images, you see but one. So 
that the light, wlien polarized, as it now is, can only 
get througli the spar in one direction, and consequently 
produce but one image. Why is tliis ? in the Iceland 
spar, as in the tourmaline, all the vibrations of the ordi- 
nary light are reduced to two planes at riglit angles 
to each other ; but, unlike the tourmaline, l)oth beams 
are transmitted with equal facility by the spar. The 
two beams, in short, emergent from the spar, are polar- 
ized, their directions of vibration being at right angles 
to each other. When, therefore, the light was polar- 
ized by reflection, the direction of vibration in the spar 
which corresponded to the direction of vibration of the 
polarized beam transmitted it, and that direction only. 
Only one imago, therefore, was possible under the con- 
ditions. 

* Tliis beautifuf law is usually thus expressed: T/ie index of ref mo 
(imi of any nuhstaiice is the tangent of its 'polarizing angle. With the 
aid of this law and apparatus similar to that figured a.t page lo, w'o 
can readily determine the index of refracting any liquid. The refracted 
ari8 reflected beams being visible, they can be caused to enclose a right 
angle The polarizing angle of the liquid may be thus found with the 
sharpest precision. It is then only necessary to seek out its natural 
tangent to obUin the index of refraction. 
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You will now observe that such logic as connects 
our experiments is simply a transcript of the logic of 
Nature. On the screen before you are two disks of 
light produced by the double refraction of Ice- 
land spar. They are, as you know, two images of the 
aperture through which the light issues from tlie 
camera. Placing the tourmaline in front of the aper- 
ture, two images of the crystal will also be obtained ; 
but* now let us reason out what is to be expected 
from this experiment. The light emergent from the 
tourmaline is polarized. Placing the crystal with its 
axis horizontal, the vibrations of its transmitted light 
will be horizontal. Now the spar, as already stated, 
has two directions of vibration, one of which at the 
present moment is vertical, the other horizontal. What 
are we to conclude? That the green light will be 
transmitted along the latter, which is parallel to the 
axis of the tourmaline, and not along the former, which 
is perpendicular to that axis. Hence we may infer 
that one image of the tourmaline will show the ordi- 
nary green light of tlie crystal, wliile the other images 
will be black. Tested by experiment, our reasoning is 
verified to the letter (fig. 31). 


Fig. 31. 



Let us push our test still further. By means of an 
endless screw, the crystal can be turned ninety degrees 
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round. The black image, as I turn, beconies gradually 
brighter, and the bright one gradually darker ; at an 
angle of forty-five degrees both images are equally 


Fig. 32. 



bright (fig. .32); while, when ninety degrees have 
been obtained, the axis of the crystal being then verti- 
cal, the bright and black imagers have clianged places, 
exactly as reasoning would have led ns to suppose 
(fig. 33.) 

Given the two beams transmitted through Iceland 
spar, it is perfectly manifest that we liave it in our 
power to determine instanity, means of a plate of 


Fig. 33. 



tourmaline, the directions in which tlie ether-particles 
vibrate in the two beams. The double refracting spar 
migjht be placed in any position whatever. A minute’s 
trial with the tourmaline would enable you to deter- 
mine the position which yields a black . and a bright 
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image, and from this you would at once infer the direc- 
tions of vibration. 

Let us reason still further together. The two beams 


Fig. 34 . 



(I! the hirofracliji}? spar, the ineiilent li.irht into Ihe two heniTisa o oiul 

rj is the mirror.) 'J'he liearn is here refiectetl fateralljf, Wiioii tlie retlcetfon is 
/fjumrds^ the other beam is rcllected as shown in fijr. 


from tlie spar beini^ tlnis polarized, it is plain t.liat if 


* 3 »>« 
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polarizing angle, one of them will be reflected, the 
other not. This is a simple inference from our previous 
knowledge ; but you observe that the inference is 
justified by experiment. (Figs. 34 and 35.) 

I have said that the wliole of the beam reflected 
from glass at the polarizing angle is polarized ; a word 
must now be added reigarding the far larger portion of 
the light wluch is transmitted by the glass. The 
transmitted beam contains a quantity of polarized light 
equal to that of the reflected beam : but this quantity 
is only a fraction of the whole transmitted liglit. By 
taking two plates of glass instead of one, wo augment 
the quantity of the transmitted polarized light ; and by 
taking a himdle of plates, we so increase the quantity 
as to render the transmitted boairi, for all practical pur- 
poses, pei^fectly polarized. Indeed, bundles of glass 
plates are often employed as a means of furnishing 
polarized light. Interposing such a bundle at the pro- 
per angle intt) the paths of the two beams emergent 
from Iceland spar, that which, in tlie last experiment, 
failed to be reflected, is licre transmitted. The plane 
of vibration of this transmitted light is, however, at 
right angles to that of the reflected light. 

One word more. When the tourmalines are crossed, 
the space where they cross each other is black. But 
we have seen that tlie least obliquity on the part of 
the crystals permits light to get through both. Now 
suppose, wlihn the two plates are crossed, that we in- 
terpose a third plate of tourmaline between them, with 
its axis oblique to botli. A portion of the light trans- 
mitted by the first plate will get through this inter- 
mediate one. But, after it has got through, its plane 
of vibration is chanyed : it is no longer perpendicular 
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to the axis of the crystal in front. Hence it will get 
through that crystal. Thus, by^ reasoning, we infer that 
the interposition of a third plate of tourmaline will in 
part abolisli the darkness produced by the perpendicular 
crossing of the otlier two plates. I have not a third 
plate of tourmaline ; but the talc or mica which you 
employ in your stoves is a more convenient substance, 
which acts in the same way. Between the crossed 
tourmalines, 1 introduce a film of tliis crystal. You see 
the edge of the film slowly descending, and as ih de- 
scends between the tourmalines, light takes the place 
of darkness. The darkness, in fact, seems scrai:>ed 
awaj^, as if it were sometliing material. Tliis effect 
has been called, naturally but improperly, depolartza’- 
tion. Its proj^er meaning will be disclosed in our next 
lecture. 
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CIIROMrVTlC niEXOMTCNA VJIODUOKD 1»Y CUYSTAl.S ON POI-AIOZKI) J.IGIIT 

THK NICOL PinSM — POLARIZl^ll AND ANALYZIMd —ACTION OF THICK AND 
THIN PLATES OF SELENITE — COL<»URS DIHT.NDENT ON THICKNESS — 
RESOLUTION OF POI-AHIZED BEAM INTO TM’O OTHERS BY THE SELENITE 

---ONE OF THEM MORE RETARDED THAN THE OTHER RECOMPOUNDl NO 

OF THE TWO SYSTEMS OF WAVES BY THE ANALYZER INTERFERENCE 

THUS RENDERED POSSIBIiK — CONSEQUrENT PRODUCTION OF COLOURS 

AC'J'ION OF BODIES AIECTIANICAIJ.Y STRAINED OK PRESSED ACTION dV 

SONOROUS VIBRATIONS ACTION OF CLASS STRAINED OR T'RKSSED BY 

HEA P — Cl UCULAU POLAIilZATION — CHROMATIC PHENOMENA PRODUCKI) 
BY OUAIfTZ — THK JIAONETIZATION OF LIOHT — RINGS SURROUNDING THE 
AXES OF CRYSTALS — BTAXAI. AND UNIAXAL CRYSTALS - GRAvSP OF THE 
VNDULATORY THEORY — THK COLOUR AND POLARIZATION OF SKY J.lOB'r 
OJSNERATION OF ARTIFICIAT. SKIES. 

Wk now stand upon the threshold of a now and 
splendid optical domain. We have penetrated as fin*, 
pcjrhaps, as it is at present possibles to penetrate into 
the arcana of crystallizaiion. By dwellinjj upon the 
very phenomena wliich sng’gested it, we have mastered 
the conception of plane-polarized light. But I am 
here reminded of an argument wlricli Protestants some- 
times urge against Catholics. ^ Vou prove,’ say they, 
‘ the authenticity of tlic Scriptures by the authority of the 
Cliiirch, and then deduce the authority of the Church 
from the Scriptures : that looks like arguing in a circle.’ 
I may seem to lay myself open to a similar reproach 
wJien I say that the conception of polarized light is 
bilsed upon the facts of observation, and then immedi- 
ately proceed to deduce the facts of observation from 
the conception of polarized light. 
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This objection would fairly apply if the theoretic 
conception were limited by the facts in which it origir 
nated. Some tlieories are open to this criticism, but‘in 
so far as they are so, they lack the characteristics of a 
true theory. The scientific intellect resembles a lamp, 
which does not burn and shine until ignited by the 
match of observation or experiment. Hut the light 
emitted after ignition may, in virtue of the mind^s in- 
herent energy, transcend a million-fold tliatof the match 
which started it. In fact, it may be said that tliey stlind 
to eacli other in an incommensurable relation ; a few 
bounded and solitary facds, by their action on the mind, 
sufficing to liberate principles of indefinite applicability 
and extension. 

We have this evening to illustrate and examine the 
chromatic phenomena produced by the action of crystals, 
and (loul^le-refracting bodies generally, upon polarized 
light, and to apply the Undulatory Theory to their eluci- 
dation. For a long time investigators were coinptdled 
to employ plates of tourmaline for this purpose, and 
the progress they made with so defective a means of 
inquiry is astonishing. But these men had their hearts 
in their work, and were on tliis account enabled to 
extract great results from small instrumental appliances. 
But for educational purposes we need far larger appa- 
ratus, and, happily, in these later times this need has 
been to a great extent satisfied. We have seen and 
examined the two beams emergent from Iceland spar, 
and have proved them to be polarized. If, at the 
sacrifice of half the light, we could abolish one of these, 
the other would place at our disposal a beam 
polarized light incomparably stronger than any attain- 
able from tourmaline. 
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The t)eams, as you know; aJ*e refracted differently, and 
^ this we are able to infer tliat under certain cir- 
cumstances the may be* totally reflected, and the 
other not. Auable optician, ifemed Nicol, taking advan- 
tage of this, cut a crystal of Iceland spar in two halves 
in a certain direction. He polished the severed surfaces, 
and reunited tliom by Canada balsam, tiio surface of 
union being so to the beam traversing the 

spar that the ordiuliry ray, which is the most highly 
refracted, was totally reflected by the balsam, while the 
extraordinary ray was permitted to pass on. 

Let b .T, c y (fig. 36) represent the section of an elon- 
gated rliomb of Iceland spar cloven from the crystal. Let 

Fig. 3G. 



t^is rhomb be cut along tho line he; and the two 
severed surfaces, after having been polished, reunited 
by Canada balsam. We learned, in our first lecture. 
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that total reflection only l^es place when a raj^ seeks 
to escape from a more refracting to a less refracting 
medium, and that it always, under these circuinstance^* 
takes place when the obliepiity is sufl5cT^j|t. No\v the 
refractive index of Iceland spar is, for the extraordinary 
ray less, and for the ordinary greater, than for CiUiada. 
balsam. Hence, in passing from the spar to the balsam, 
the extraordinary ray passes ffon|.^ les.^ refracting to 
a more refiacting medium, where Mtal reflection cannot 
occur: while the ordinary ray passes from a more 
refracting to a less refracting medium, where fotal 
reflection can occur. The requisite obliquity is secured 
by making the rhomb of such a length tliat the plane 
of whicl) 6 c is the section shall be perpendicular, or 
nearly so, to the two end surfaces of the rhomb h x^e ?/. 

The invention of the Nicol prism was a great step in 
practical optics, and quite recently such prisms Inive 
been constructed of a size Avhich enables audiences like 
the present to witness the chromatic phenomena of 
polarized light to a degree altogether unatt.ainal)le a 
short time ago. The two prisms here before you be- 
long to my excellent friend Air. William Spottiswoode, 
and they were manufactured by Air. I^add. I have 
with me another pair of very noble prisms, still larger 
than these, manufactured for me ])y Air. Browning, 
who has gained so higli and well-merited a reputation 
in the construction of spectroscopes.* 

These two Nicol prisms play the same^ part as the 
tw^o plates of tourmaline. Placed with their directions 
of vibration parallel, the light passes through both ; 


* The largest and purest prism hitherto mjido has been recently con- 
structed for Mr. Spottiswoode by Mcs.srs. Tisley & Spiller. 
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while when these direction^ are crossed the light is 
quenched. Introducing a film of mica between the 
prisms, tlie light is restored.. But notice, when the 
film of mica is thin you have sometimes not only light, 
but coloured light. Our*work for some time to conv? 
will consist of the examination of such colours. With 
' this view, I will take a representative crystal, one easily 
dealt with, because it cleaves witli great facility — the 
crystal gypsum, or selenite, or crystallized sulphate of 
lime. Between the crossed Nicols I place a thick 
plate of this crystal ; like the mica, it restores the light, 
but it produces no colom*. With my penknife I take a 
thin splinter from this crystal and place it between the 
prisms ; the image of the splinter glows with the richest 
colours. Turning the prism in front, these colours 
gradually fade and disappear, but, by continuing the 
rotation until the vibrating sections of the prisms are 
parallel to each otlier, vivid colours again arise, but 
these colours are complementary to the former ones. 

Some patches of the splinter appear of one colour, 
some of another. These differences are due to the 
different thicknesses of the film. As in the case of 
Hooke’s thin plates, if the thickness be uniform, the 
colour is uniform. Here, for instance, is a stellar shape, 
every lozenge of the star being a film of gypsum of 
uniform thickness : each lozenge, you observe, shows a 
brilliant and uniform colour. It is easy, by sliaping 
our films so as to represent flowers or other objects, to 
exhibit such objects in hues unattainable by art. Here, 
for example, is a specimen of heart’s-ease, the colours of 
wjiich you might safely defy the artist to reproduce. 
By turning the front Nicol 90 degrees round, we pass 
through a colourless phase to a series of colours com- 
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plementary to the forme/ ones. This change is still 
more strikingly represented by a rose-tree, which is 
now presented in its natural hues — a red flower and 
green leaves ; turning the priMn ‘90 degrees round, we 
4 $btain a green flower and red leaves. All these wonder- 
ful chromatic effects have definite mechanical causes 
in the motions of the ether. The principle of inter- 
ference duly applied and interpreted explains them all. 

By this time you have learned that the word ‘ light ’ 
may be used in two different sdnses; it may mean 
the impression made upon consciousness, or it may 
mean the physical agent which makes the impression. 
It is with the agent that we have to occupy ourselves 
at present. That agent is a substance which fills all 
space, and surrounds the atoms and molecules of bodies. 
To this interstellar and interatomic mediiun definite 
mecha^cal properties are ascribed, and we deal with it 
in our reasonings and calculations as a body possessed of 
these properties. In mechanics we have the composition 
and resolution of forces and of motions, extending to the 
composition and resolution of vibrations. We treat the 
luminiferous ether on mechanical principles, and, from 
the composition, resolution, and interference of its vibra- 
tions we deduce all the phenomena dis 2 )layed by crystals 
in polarized light. 

Let us take, as an example, the crystal of tourmaline, 
with which we are now so familiar. Let .a vibration 
cross this crystal oblique to its axis. Experiment has 
assured us that a portion of the light will pass through. 
How much passes we determine in this way. Let A 
fig. 37, be the axis of the tourmaline, and, let a h repre- 
sent the amplitude of the ethereal vibration before it 

E 
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reaches A B. From a and h let the two perpendiculars 
a c and b d be drawn upon the axis : then o d will be 
the amplitude of the transmitted vibration. 


fm. 37 . 



In a moment I will ask you to follow me while I en- 
deavour to explain to you the effect observed when a 
film ofgypsxim is placed between the twoNicol’s prisms. 
But, at the outset, it will be desirable to establish still 
further the analogy between the action of the prisms and 
that of two plates of tourmaline. The magnified image 
of these plates, with their axes at right-angles to each 
other, is now before you. I introduce between them a 
film of Selenite, and yoxi see that by turning the film 
round it may be placed in a position where it has no power 
to abolish the darkness of the superposed portions of 
the tourmalines. Why is this ? The answer is, that in 
the gypsum there are two directions, at right angles to 
each other, in which alone vibrations can take place,, 
and that in our present experiment one of these 
directions is parallel to one of the axes of the tour- 
maline, and the other parallel to the other axis. 
When this it the case, the film exercises no sensible 
action upon the light. But now I turn the film so as 
to render its directions of vibration oblique to the two 
aites ; then you see it has the power, (temonstrated in 
the last lecture, of restoring the light. 

Let us now mount our Nicol’s prisms, and cross them 
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as we crossed the tourmalines. Introducing our film 
of gypsum between them, you notice that in one parti- 
cular position the film has no power whatever over the 
field of view. But, when the film is turned a little 
way round, the light passes. We have now to'^under- 
stand the mechanism by which this is effected. " 

Firstly, then, we have this first prism which receives 
the light from the electric lamp, and which is called 
the polarizer. Then we have the plate of gypsum 
(supposed to be placed at S, fig. 38), and then, the 
prism in front, which is called the analyzer. On its 
emergence from the first prism, the light is polarized ; 


Fig. 38. 



and, in the particular case now before us, its vibrations 
are executed in a horizontal plane. The two directions 
of vibration of the gypsum, placed at S, are now oblique 
to the horizon. Draw a rectangular cro^ (A B, C D 
fig. 39) to represent the two directions of vibration 
within the gypsum. Draw a line (a 6) to represent 
the amplitude of the vibration from the fix-st Nicsl, 
when it reaches the gypsum. Let fall from the two 
ends of tliis line two perpendiculars on each of the 
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anns of the cross; then the distances (e (?, e f,) be- 
tween the feet of these perpendiculars represent the 
amplitudes of two rectangular wibrations, which arc the 
componenta of the first single vibraMon. Thus the 
polarized ray, when it enters the gypsum, is resolved 
into its two equivalents, which vibrate at right angles 
to each other. 

Now, in one of those rectangular directions of vibra- 
tion the ether within the gypsum is more sluggish 
than in the pther ; and, as a consequence, the waves 

Fio. 39. 



that follow this direction are more retarded than the 
others. The waves in both cases are shortened when 
they enter the gypsum, but the waves of the one system 
are more shortened than those of the other. You can 
readily imagine that in this way the one system of 
waves may g^t half a wave-length, or indeed any num- 
ber of half-wave lengths, in advance of the other. The 
possibility of interference here at once flashes upon the 
mind. A little consideration, however, will render it 
evident that, as long as the vibrations are executed at 
right angles to each other, they cannot quench each 
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other, no matter what the retardation may be. This 
brings us at once to the part played by the analyzer, 
the sole function of which is to recompound the two 
vibrations emergent from the gypsum. It reduces 
them to a single plane, whore, if one of them be retarded 
by the proper amount, extinction will occur. 

But here, as in the case of thin films, the different 
lengths of the waves of light come into play. Eed will 
require a greater thickness to produce the retardation 
necessary for extinction than blue ; consequently, when 
the longer waves have been withdrawn by interference, 
the shorter ones remain, the film of gypsum shining 
with the colours which they confer. Conversely, when 
the shorter waves have been withdrawn, the thickness 
is such that the longer waves remain. An elementary 
consideration suffices to show that, when the directions 
of vibration of prisms and gypsum enclose an angle of 
forty^rfive degrees, the colours are at their maximum 
brilliancy. When the film is turned from this direc- 
tion, the colours gradually fade, until, at the point 
where the directions are parallel, they disappear 
altogether. 

Perhaps the best way of obtaining a knowledge of 
these phenomena is to construct a model of thin wood or 
pasteboard, representing the plate of gypsum, its planes 
of vibration, and also those of the polarizer and ana- 
lyzer. Two parallel pieces of the board are to^be 
separated by an interval which shall 3«3present the 
thickness of the film of gypsum. Between them, two 
other pieces, intersecting each other at a right angle, 
are to represent the planes of vibration within the film ; 
while attached to the two parallel surfaces outside are 
two other pieces of board to represent the planes of 
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vibration of the polarizer and analyzer. On the two 
intersecting planes the waves are to be drawn, showing 
the resolution of the first polarized beam into two 
others, and then the subsequent reduction of the two 
systems of vibi^tions to a common plane by the analyser. 
Following out rigidly the interaction of the two sys- 
tems of waves, we are taught by such a model that all 
the phenomena of colour obtained by the combination 
of the waves when the planes of vibration of the two 
Nicels are parallel are displaced by the complementary 
phenomena when the Nicols are perpendicular to each 
other. 

In considering the next point, we will operate, for 
the sake of simplicity, with monocliromatic light — with 
red light, for example, which is most easily obtained 
pure by absorption. Supposing a certain thickness 
of the gypsum, produces a retardation of half a wave- 
length, twice this thickness will produce a retardation 
of two lialf wave-lengths, three times this thickness a 
retardation of three half-wave lengths, and so on. 
Now, when the Nicols are parallel, the retardation of 
half a wave-length, or of any odd number of half wave- 
lengths, produces extinction : at all thicknesses, on the 
other hand, which correspond to a retardation of an 
even number of half wave-lengths, the two beams sup- 
port each other, when they are biought to a common 
plane by the analyzer. Supposing, then, that we take 
a plate of a Wedge-form, which grows gradually thicker 
from edge to back, we ought to expect in red light a 
series of recurrent bands of light and darkness; the 
dark bands occurring at thicknesses which produce 
retardations of one, three, five, etc., half wave-lengths, 
while the bright bands occur between the dark ones. 
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Experiment proves the wedge-shaped film to show 
these hands. They are also beautifully shown by a 
circular film, so worked as to be thinnest at the 
centre, and gradually increasing in thickness from tlie 
centre outwards. A splendid series of wrings of light 
and darkness is thus produced. 

When, instead of employing red light, we employ 
blue, the rings are also seen : but, as they occur at 
thinner portions of the film, they are smaller than the 
rings obtained with the red light. The consequence 
of employing v)hite light may be now inferred : inas- 
much as the red and the blue fall in different places, 
we have iris-coloured rings produced by the white 
light. 

Some of the chromatic effects of irregular crystal- 
lization are beautiful in the extreme. Could I intro- 
duce between our Nicols a pane of glass covered by 
those frost-ferns which the cold weather renders now so 
frequent, rich colours would be tlie result. Tlie beau- 
tiful eftects of the irregular crystallization of tartaric 
acid and other substances on glass plates, now presented 
to you, illustrate what you might expect from the 
frosted window-pane. * And not only do crystalline 
bodies act thus upon light, but almost all bodies that 
possess a definite structure do the same. As a general 
rule, organic bodies act in this way ; for their archi- 
tecture implies an arrangement of the molecules and 
of the ether, which involves double refraction. A 
film of horn, or the section of a shell, for example, 
yields very beautiful colours in polarized light. In a 
tree, the ether certainly possesses different degrees ^f 
elasticity along and across the fibre ; and, were wood 
transparent, this peculiarity of molecular structure 
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would infallibly reveal itself by chromatic phenomena 
like those that you have seen. But not only do 
natural bodies behave in this way, biit it is possible, as 
shown by Brewster, to confer, by artificial strain or 
pressure, a temporary double-refracting structure, upon 
non-crystaUine bodies, such as common glass. 

This is a point worthy of illustration. When I place 
a bar of wood across my knee and seek to break it. 
what is the mechanical condition of the bar? It 
bends, and its convex surface is strained longitudinally ; 
its concave surface, that next my knee, is longitudin- 
ally 'pressed. Botli in the strained portion and in the 
pressed portion the ether is thrown into a condition 
which would render the wood, were it transparent, 
double-refracting. For, in cases like the present, the 
drawing of the molecules asunder longitudinally is 
always accompanied by their approach to each other 
laterally ; while the longitudinal squeezing is accom- 
panied by lateral retreat. Each half of the bar exhibits 
this antithesis, and is therefore double-refracting. 

Let us now repeat the experiment with a bar of 
glass. Between the crossed Nicols I introduce such a 
bar. By the dim residue of light lingering upon the 
screen, you see the image of the glass, but it lias no 
effect upon the light. I simply bend the glass bar 
with my finger and thumb, keeping its length oblique 
to the directions of vibration in the Nicols. Instantly 
light flashes- out upon the screen. The two sides of 
the bar are illuminated, the edges most, for here the 
strain and ^ pressure are greatest. In passing from 
lecgitudinal strain to longitudinal pressure, we cross a 
portion of the glass where neither is exerted. This is 
the so-called neutral axis of the bar of glass, and along 
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it yoii Bee a dark band, indicating that the glass along 
this axis exercises no action upon the light. By em- 
ploying the force of a press, instead of the force of my 
finger and 4ihnmb, the brilliancy of the light is greatly 
augmented. 

Again, I have here a square of glass which can be 
inserted into a press of another kind. Introducing 
the uncompressed square between the prisms, its neu- 
trality is declared; but it can hardly be held suffi- 
ciently loosely in the press to prevent its action from 
manifesting itself. Already, though the pressure is 
infinitesimal, you see spots of light at the points where 
the press is in contact with the glass. I now turn this 
screw. Instantly the image of the square of glass 
flashes out upon the screen, and luminous spaces are 
seen separated from each other by dark bands. 

Every pair of the adjacent luminous spaces is in 
opposite mechanical conditions. On one side of the 
dark band we have strain, on the other side pressure ; 
while tlie dark band marks the neutral axis between 
both. I now tighten the vice, and you see colour ; 
tighten still more, and the colours appear as rich as 
those presented by crystals. Eeleasing the vice, the 
colours suddenly vanish ; tightening suddenly, they 
reappear. From the colours of a soap-bubble Newtpn 
was able to infer the thickness of the bubble, thus 
uniting by the bond of thought apparently incongruous 
things. From the colours here presented to you, the 
magnitude of the pressmre employed might be in- 
ferred. Indeed, the late M. Wertheim, of Paris, 
invented an instrument for the determination of strjyins 
and pressures by the colours of polarized light, which 
exceeded in accuracy all previous instruments of the 
kind. 
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You know that bodies are expanded by heat and 
contracted by cold. If the heat be applied with 
perfect uniformity, no local strains or pressures come 
into play ; but, if one portion of a solid be Iieated and 
others not, the expansion of the heated portion intro- 
duces strains and pressures which reveal themselves 
under the scrutiny of polarized light. When a square 
of common window-glass is placed between the 
Nicols, you see its dim outline, but it exerts no 
action on the polarized light. Held for a moment 
over the flame of a spirit-lamp, on reintroducing 
it between the Nicols, light flashes out upon the 
screen. Here, as in the case of mechanical action, 
you have luminous spaces of strain divided by dark 
neutral axes from spaces of pressure. 

Let us apply the heat more symmetrically. This 
small square of glass is perforated at the centre, and 
into tlie orifice a bit of copper wire is introduced* 
Placing the square between the prisms, and lieating 
the wire, the heat passes by conduction to the 
glass, through which it spreads from the centre out- 
wards. You then see a dim cross bounding four 
luminous quadrants growing up and becoming gradually 
black by comparison with the adjacent brightness. 
And as, in the case of pressure, we produced colours, so 
here also, by tlie proper «*xpplication of heat, gorgeous 
chromatic effects may be produced. The condition 
necessary to the production of these colours may be 
rendered permanent by first heating the glass suffi- 
ciently, and then cooling it, so that the chilled mass 
sh^ll remain in a state of strain and pressure. Two or 
three examples will illustrate this point. Figs. 40 and 
41 jrepresent the figures obtained with two pieces of glass 
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thus prepared. Two rectangular pieces of unannealed 
glass, crossed and placed l)etween the polarizer and 


Fig. 40. Fio.*4l. 



analyser, ‘exhibit the beautiful iris fringes represented 
in fig. 42. 

Fig. 42. 
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And now we have to push these considerations to a 
final illustration. Polarized light may be turned to 
account in various ways as an analyzer of molecular 
condition. It may, for instance, be applied to reveal 
the condition of a solid body when it becomes sonorous. 
This strip of glass six feet long, two inches wide, and a 
quarter of an inch thick, is held at the centre between 
the finger and thumb. 'Over one of its halves is swept 
a wet woollen rag ; you hear an acute sound due to the 
vibrjations of the glass. What is the condition of the 
glass while the sound is heard ? This : its two halves 
lengthen and shorten in quick succession. Its two ends, 
therefore, are in a state of quick vibration ; but at the 
centre the pulses from the two ends alternately meet 
and retreat. Between their opposing actions, the glass 
at the centre is kept motionless ; but, on the other 
hand, it is alternately strained and compressed. The 
state of the glass may be illustrated by a row of spots 
of light, as the propagation of a sonorous pulse was 
illustrated in our second lecture. By a simple mechani- 
cal contrivance the spots are made to vibrate to and 
fro : the terminal dots have the largest amplitude of 
vibration, while those at the centre are alternately 
crowded together and drawn asunder, the centre one 
not moving at all. (In fig. 43, A B represents the glass 
rectangle with its centre condensed ; while A'B' repre- 
sents the same rectangle with its centre rarefied. The 
ends of the strip suffer neither condensation nor rare- 
faction.) 

If we introduce the strip of glass (s s' fig. 44) between 
th^ crossed Nicols, taking care to keep it oblique to the 
directions of vibration of the Nicols, and sweep our wet 
rubber over the glass, this may be expected to occur : 



BlOrS EXPERIMENT. 


141 


At every moment of compression the light will flash 

Fio. 43. 



through ; at every moment of strain the light will also 


Fig. 44, 



142 


ON LIGHT. 


IBCT. 


flash through ; and these states of strain and pressure 
will follow each other so rapidly that we may expect a 
permanent luminous impression -to ^e made upon the 
eye. By pure reasoning, therefore, ^e reach the con- 
clusion that the light will be revived jvhenever the glass 
is sounded. That it is so, experiment testifies : at every 
sweep of the rubber, a fine luminous disk (o) flashes 
out upon the screen. T^he experiment may be varied 
in this way : Placing in front of the polarizer a plate of 
unannealed glass, you have a series of beautifully 
coloured rings, intersected by a black cross. Every 
sweep of the rubber not only abolishes the rings, but 
introduces complementary ones, the black cross being 
for the moment supplanted by a white one. This is a 
modification of a beautiful experiment which we owe 
to Biot. His apparatus, however, cohfined tlie obser- 
vation of it to a single person at a time. 

But we have to follow the ether still further into its 
hiding-places. Suspended before, you is a pendulum, 
which, when drawn aside and liberated, oscillates to and 
fro. If, when the pendulum is passing the middle point of 
its excursion, I impart a shock to it tending to drive it at 
right angles to its present course, what occurs ? The 
two impulses compound themselves to a vibration 
oblique in direction to the former one, but the pen- 
dulum still oscillates in a plg/ne. But, if the rect- 
angular shock be imparted to the pendulum when it is- 
at the limit of its swing, then the compounding of the 
two impulses causes the suspended hall to describe not 
a straight line, hut an ellipse; and, if the shock be 
competent of itself to produce a vibration of the sa&e 
amplitude as the first one, the ellipse becomes a circle. 

Why do I dwell upon these things ? Simply to make 
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known to you the resemblance of these gross mechanical 
vibrations to the vibrations of light. I hold in my 
hand a plate of quartz cut from the crystal perpendicu- 
lar to its axis. This crystal thus cut possesses the 
extraordinary pow^jr of twisting the plane of vibration 
of a polarized ray to an extent dependent on the thick- 
ness of the ciystal. And the more refrangible the 
light the greater is the amount of twisting, so that, 
when white light is employed, its constituent colours 
are thus drawn asunder. Placing the quartz between 
the polarizer and analyzer, you see this splendid red, 
and, turning the analyzer in front, from right to left, 
the other colours of the spectrum appear in succession. 
Specimens of quartz have been found wliicli require 
the analyzer to be turned from left to right to obtain 
the same succession of colours. Crystals- of the first 
class are therefore called right-handed, and of the 
second class, left-handed crystals. 

With profound sagacity, Fresnel, to whose genius 
we mainly owe the expansion and final triumph of the 
undulatory theory of light, reproduced mentally the 
mechanism of these crystals, and showed their action 
to be due to the circumstance that, in them, the waves of 
ether so act upon each other as to produce the condition 
represented by our rotating pendulum. Instead of 
being plane polarized, the light in rock crystal is cir- 
cvjlarly polarized. Two such rays, transmitted along 
the axis of the crystal, and rotating in opposite direc- 
tions, when brought to interference by the analyzer, 
are demonstrably competent to produce all the observed 
phenomena. m 

I now abandon the analyzer, and put in its place the 
piece of Iceland spar with which we have already illus- 
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trated double refraction. The two images of the car- 
bon-points are now before you, produced, as you know, 
by two beams vibrating at right angles to each other. 
Introducing a plate of quartz between the polarizer 
and the spar, the two images glow with complementary 
colours. Employing the image of an aperture instead 
of that of the carbon-points, we have two coloured cir- 
cles. As the analyzer is caused to rotate, the colours 
pass through various changes; but they are always 
complementary to each other. When the one is red, 
the other is green ; when the one is yellow, the other 
is blue. Here we have it in our power to demonstrate 


Fio. 45. 



afresh a statement made in our first lecture, that, 
although the mixture of blue and yellow pigments pro- 
duces green, the mixture of blue and yellow lights 
produces white. By enlarging our aperture, the two 
images produced by the spar are caused to approach 
each other, and finally to overlap. The one is now a 
vivid . yellow, the other a vivid blue, and you notice 
tlfiat where the colours are guperposed we have a pure 
white. (See fig. 45, where N is the nozzle of the 
lamp, Q the quartz plate, L a lens, and B the birefract- 
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ing spar> The two images overlap at O, and produce 
white by their mixture.) 

This brings us to a point of our inquiries which, 
though rarely illustrated in lectures, is nevertheless 
so likely to affect profoundly the future course of 
scientific thought that I am unwilling to pass it over 
without reference. I refer to tlie experiment which 
Faraday, its discoverer, called the onagnetization of 
light. The arrangement for this celebrated experiment 
is now before you. We have first our electric lamp, 
then a Nicol prism, to polarize the beam emergent 
from the lamp ; then an ele<itro-mMgnet, then a second 
Nicol prism, and finally our screen. At tlie present 
moment the prisms are crossed, and the scrcien is dark. 
I place fi'om pole to pole of the electro-magnet a cylin- 
der of a peculiar kind of glass, first made by Faraday, 
and called Faraday’s lieavy glass. Through ihis glass 
the beam from the polarizer now passes, being inter- 
cepted l)y the Nicol in front. I now excite the magnet, 
and instantly light appears upon the screen. On 
examination, we find that, by tl)e action of the rnagiiei, 
upon the other contained within the heVivy glass, tlie 
plane of vibration is caused to rotate, tlius enabling 
the light to get through the analyzer. 

The two classes into which <£uartz-crystals are dividend 
have been already mentioned. In my hand I liold 
a compound plate, one half of it taken from a right- 
hand(?d and the other from a l(?ft-ha#ided crystal. 
Placing the plate in front of the polarizer, we turn one 
of the Nicols until the two lialves of the plate show a 
cofnmon puce colour. This yields an exceedingly seiisi- 
tive means of rendering vMble the action of a magnet 
upon light. ‘ By turning either the polarizer or the 

L 
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analyzer through the smallest angle, the uniformity of 
tlie colour disappears, and the two lialves of the quartz 
show different colours. The magnet also produces this 
effect. The pnco-coloured circle is now before you on 
the screen. (8ce fig. 46, where ]M is the nozzle of the 


Fig. 46. 



lamp, H the first Nicol, Q the biquartz plate, L a lens, 
M the electro-magnet, with the heavy glass across 
its poles, and P the second Nicol.) Exciting the mag- 
net, one half of the image becomes suddenly red, the 
other half green. Interrupting the current, the two 
colours fade away, and the primitive puce is restored. 
The action, moreover, depends upon the polarity of the 
magnet, or, in other words, on the direction of the cur- 
rent which siSrrounds the magnet. Keversing the cur- 
rent, the red and gree^yfeappear, but they have changed 
places. The red was formerly to the right, and the 
green to the left ; the green is now to the right, and 
the red to the left. With the most exquisite ingenuity, 
Faraday analyzed all those actions and -stated their 
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laws. This experiment, however, long remained rather 
a scientific curiosity than a fruitful germ. That it 
would bear fruit of tli6 highest importance, Faraday 
felt profoundly convinced, and recent researclies are on 
the way to verify his conviction. 

A few words more are necessary to complete our 
knowledge of the wonderful interaction between pon- 
derable molecules and the etlier interfused among them. 
Symmetry of molecular arrangement implies symmetry 
on the part of tlie ether ; atomic dissymmetry, orf the 
other hand, involves the dissymmetry of the ether, and, 
as a consequence, double refraction. In a certain class 
of crystals the structure is homogeneous, and such 
crystals produce no double refraction. In certain other 
crystals the molecules are ranged symmetrically round 
a certain line, and not around others. Along the 
former, therefore, the ray is undivided, while along all 
the others we have double refraction. Ice is a familiar 
example: its molecules are built with perfect symmetry 
around the perpendiculars to tlie planes of freezing, 
and a ray sent through ice in this direction is not 
doubly refracted ; whereas, in all other directions, it is. 
Iceland spar is another example of the same kind : its 
molecules are built symmetrically round the line unit- 
ing the two blunt angles of the rhomb. . In this direc- 
tion a ray suffers no double refraction, in all others it 
does. This direction of no double refraction is called 
the optic €LXW of the crystal. * 

Hence, if a plate be cut from #%ystal of Iceland spar 
perpendicular to the axis, all rays sent across this plate 
in the direction of the axis will produce but one image. 
But, the moment we deviate from the parallelism with 
the axis, double refraction sets in. If, therefore, a 
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beam that has been rendered conical by a converging 
lens be sent through the spar so that the central ray of 
the cone passes along the axis, •this ray only will escape 
double refraction. Each of the others will be divided 
into an ordinary and an extraordinary ray, the one 
moving more slowly through the crystal than the 
other ; the one, therefore, retarded with reference to 
the other. Here, then, we have the conditions for 
interference, when the waves are reduced by the ana- 
lyzer to a common plane. 

Placing the plate of spar between the crossed Nicol’s 
prisms, and employing the conical beam, we have upon 


Pig. 47 . 



the screen a beautiful system of iris rings sur- 
rounding the end of V the optic axis, the circular 
bands of colourJl)eing intersected by a black cross 
(tig. 47). The arms of this cross are parallel to the two 
directions of vibration in the polarizer and analyzer. 
It is easy to .see that those rays whose planes of vibra- 
tign within the spar coincide with the plane of vibration 
of prism, cannot get through both. Tliis com- 

plete interception produces the arms of the cross. 
With monochromatic light the rings wf)iild be simply 
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bright and black — the bright rings occurring at those 
thicknesses of the spar which cause the rays to con- 
spire ; the black rings at those thicknesses which cause 
them to quench each other. Turning the analyser 90® 

Fio. 48. 



round, we obtain tlie complementary phenomena. The 
black cross gives place to a bright one, and every dark 
ring is supplanted also by a bright one (fig. 48.) Here, 

Fia. 4y. 



as elsewhere, the different lengths of the light-waves 
give rise to iris-colours when white light is employed. 

Besides the regular ciystals which produce dojjble 
refraction in no direction, and the uniaxal crystals* 
which produce it in all directions but one, Brewster 
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discovered that in a large class of crystals there are 
two directions in which double refraction does not take 
place. These are called hiaxal crystals. When plates 
of these crystals, suitably cut, are placed between the 
polarizer and {inalyzer, the axes (A A', fig. 49) are seen 
surrounded, not by circles, but by curves of another order 
and of a perfectly definite mathematical character. Each 
band, as proved experimentally by Hcrschel, forms a 
lemniscata ; but the experimental proof was here, as 
in numberless other cases, preceded by the deduction 
which showed that, according to the undulatory theory 
the bands must possess this special character. 

I have taken this somewhat wide range over polar- 
ization itself, and over the phenomena exhibited by 
crystals in polarized light, in order to give you some 
notion of the firmness and completeness of the theory 
which grasps them all. Starting from the single 
assumption of transverse undulations, we first of all 
determine the wave-lengths, and find all the pheno- 
mena of colour dependent on this element. The wave- 
lengths may be determined in many independent 
ways. Newton virtually determined them when he 
measured the periods of his Fits : the length of a 
fit, in fact, is that of a quarter of an undulation. The 
wave-lengths may^be determined by diffraction at the 
edges of a slit (as in the Appendix); they may be deduced 
from the interference fringes produced by reflection ; 
from the fringes produced by refraction ; also by lines 
drawn with a diamond upon glass at measured distances 
asunder. And when the lengths determined by these 
independent methods are compared together, the 
strictest agreement is found to exist between them. 
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With the wave-lengths at oiir disposal, we follow the 
ether into the most complicated cases of interaction 
between it and ordinary matter, ^ the theory is equal 
to them all. It makes not a single new physical 
hypothesis ; but out of its original stock of principles 
it educes the counterparts of all that observation shows. 
It accounts for, explains, simplifies the most entangled 
cases ; corrects known laws and fiicts; predicts and, dis- 
closes unknown ones ; becomes tlie guide of its foimer 
teacher Observation ; and, enlighteiuul by meclianical 
conceptions, acquires an insight whicli pierces through 
shape and colour to force and cause.’ ' 

JJut, while I have thus endcavoiued to illustrate be- 
fore you the power of the undulatory theory as a solver 
of all the difficulties of optics, do I therefore wish you 
to close your eyes to .any evidence that may arise 
against it ? By no means. You may urge, and justly 
urge, that a hundred years ago another tlieory was held 
by the most eminent men, and tliat, as the theory then 
held had to yield, the undulatory theory may have to 
yield also. This seems reasonable ; but let us under- 
stand the precise value of the. argument. In similar 
language a person in the time of Newton, or even in 
our time, might reason thus: Hipparchus and Ptolemy, 
and numbers of great men after them, believed that 
the earth was the centre of the solar system. But this 
deep-set theoretic notion had to give way, and the 
theory of gravitation may, in its turn, ^lavc to give 
way also. This is just as reasonable as the first argu- 
ment. Wherein consists the strength of the theory of 
•gravitation? Solely in its competence to account rfor 
all the phenomena of the solar system. Wherein con- 
sists the strength of the theory of undulation ? Solely 
* Whowoll. 
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in its competence to disentangle and explain phenomena 
a hundred-fold more complex than those of the solar 
system. Accept if you will the scepticism of Mr. 
Mill* I’egarding the undulatory theory ; but if your 
scepticism he philosophicjil, it will wrap the theory of 
gravitation in the same or greater doubt.* 

I am unwilling to quit these chromatic phenomena 
without referring to a source of colour which has often 
come before me of late in the blue of your skies at 
noon, and the deep crimson of your horizon after the 
set of sun. I will here summarise and extend what has 
been already said upon this subject. Proofs of the 
most cogent description could be adduced to show 
that the blue liglit of the firmament is reflected light. 
The light of the firmament comes to us across tlie direc- 
tion of the solar rays, and even against the direction of 
the solar rays ; and this lateral and opposing rush of 
wave-motion can only be due to the rebound of the 
waves from the air itself, or from something suspended 
in the air. The solar light, moreover, is not reflected by 
the sky in ’the proportions which produce white. The 
sky is blue, which indicates an excess of the smaller waves. 
The blueness of the air has been given as a reason for 
the blueness of the sky ; but then the question arises. 
How, if the air be blue, can the light of sunrise and sun- 
set, which travels through vast distances of air, be yellow, 
orange, or evMsn red ? The passage of the white solar 
light through a blue medium could by no possibility 

^^Kemovod from us since these words w'ere written. 

* The only essay known to me on the Undulatory Theory, from tho* 
pen of an American writer, is an excellent one by President Barnard, 
published in the Smithsonian lieport for 1862 . 
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• redden the light ; the hypothesis of a blue air is there- 
fore untenable. In fact the agent, whatever it be, 
which sends us the light of the sky, exercises in so 
doing a dichroitici' action. The light reflected is blue, 
the light transmitted is orange or red. A marked dis- 
tinction is thus exhibited between reflection from the 
sky and tliat from an ordinary cloud, which latter ex- 
ercises no such dichroitic actidn. 

The cloud, in fact, takes no note of size on the part 
of the waves of ether, but reflects them all alike. ^Now 
the cause of this may be that tlie cloud particles are so 
large in comparison with the. size of the waves of ether 
as to scatter them all indifferently. A broad cliff re- 
flects an Atlantic roller as easily as a ripple produced 
by a sea-bird’s wing ; and in tlie presence of large re- 
flecting surfaces, the existing differences of magnitude 
among the waves of ether may also disappear. But 
supposing the reflecting pai*ticles, instead of being very 
large, to be very small in comparison with the size of 
the waves. Then, instead of the whole wave being 
fronted and in great part thrown back, a small portion 
only is shivered off’ by the obstacle. Suppose, then, 
such minute foreign particles to be diffused in our at- 
mosphere. Waves of all sizes impinge upon them, 
and at every collision a portion of the impinging wave 
is struck off. All the waves of the spectrum, from the 
extreme red to the extreme violet, are thus acted upon; 
but in what proportions will they l>e scattered ? Large- 
ness is a thing of relation ; and the smaller the wave, 
the greater is the relative size of any particle on which 
the wave impinges, and the greater also the relative^e- 
flection. 

A small pebble placed in the way of the ring-ripples 
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produced by heavy rain-drops on a tranquil pond will 
throw back a large fraction of each ripple incident upon 
it, while the fractional part of a larger wave thrown 
back by the same pebble might be infinitesimal. Now 
to preserve the solar light white, its constituent pro- 
portions must not be altered ; but in the scattering of 
the light by these very small particles we see that the 
proportions are altered. The smaller waves are in 
excess, and, as a consequence, in the scattered light 
bliie^ will be the predominant colour. The other 
colours of the spectrum must, to some extent, be asso- 
ciated with the blue: they are not absent, but deficient. 
We ought, in fact, to liave them all, but in diminishing 
proportions, from the violet to the red. 

We have thus reasoned our way to the conclusion, 
that were particles, small in comparison to the size of 
the ether waves, sown in our atmosphere, the light 
scattered by those particles would be exactly such 
as we observe in our azure skies. And, indeed, 
when this light is analysed, all the colours of the 
spectrum are found in the proportions indicated by 
our conclusion. 

By its successive collisions with the particles the 
white light is more and more robbed of its shorter 
waves ; it therefore loses more and more of its due 
proportion of blue. The result may be anticipated. 
The transmitted light, where short distances are in- 
volved, will appear yellowish. But as the sun sinks 
towards the horizon the atmospheric distance increases, 
and consequently the number of the scattering particles. 
Tl\py weaken in succession the violet, the indigo, the 
blue, and even disturb the proportions of green. The 
transmitted light under such circumstances must pass 
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from yellow through orange to red. This also is 
exactly what we find in nature. Thus, while the re- 
flected light gives us at ‘noon the deep azure of the 
Alpine skies, the transmitted light gives us at sunset 
the warm crimson of the Alpine snows. 

But can small particles be really proved to act in the 
manner indicated ? No doubt of it. Each one of you 
can submit the question to an experimental test. 
Water will not dissolve *resin, but spirit will ; and when 
spirit which holds resin in solution is dropped into 
water, the resin immediately separates in solid particles, 
which render the water milky. The coarseness of this 
precipitate depends on the quantity of the dissolved 
resin. Professor Briicke has given us the proportions 
which produce particles particularly suited to our pre- 
sent purpose. One gramme of clean mastic is dissolved 
in eighty-seven grammes of absolute alcohol, and the 
transparent solution is allowed to drop into a beaker 
containing clear water briskly stirred. An exceedingly 
tine precipitate is thus formed, which declares its 
presence by its action upon light. Placing a dark sur- 
face behind the beaker, and permitting the light to fall 
into it from the top or front, the medium is seen to be 
of a very fair sky-blue. A trace of soap in wate>r gives 
a tint of blue. London, and I fejir Liverpool, milk 
makes an approximation to the same colour tlirough 
the operation of the same cause ; ahd Helmholtz has 
irreverently disclosed the fact that a blue «ye is simply 
a turbid medium. 

But we have it in our power to imitate far more 
closely the natural conditions of this problem. We o«n 
generate in air artificial skies, and prove their perfect 
identity with the natural one, as regards the exhibition 
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of a number of wholly unexpected phenomena. It has 
been recently shown in a great number of instances that 
waves of ether issuing from a 'strong source, such as the 
sun or the electric light, are competent to shake asun- 
der the atoms of gaseous molecules. The apparatus 
used to illustrate this consists of a glass tube about a 
yard in length, and from 2 J to 3 inches internal diame- 
ter. The gas or vapour to be examined is introduced 
into this tube, and upon it the condensed beam of the 
electric lamp is permitted to act. The vapour is so 
chosen that 07ie at least of its products of decomposition, 
as soon as it is formed, shall be ^precipitated to a kind 
of cloud. By graduating the quantity of the vapour, this 
precipitation may be rendered of any degree of fineness, 
forming particles distinguishable by tlie naked eye, or 
particles which are probably far beyond the reach of 
our highest microscopic powers. I have no reason to 
doubt that particles may be thus obtained whose 
diameters constitute but a very small fraction of the 
length of a wave of violet light. 

Now, in all such cases when suitable vapours are 
employed in a sufficiently attenuated state, no matter 
what tlie vapour may be, the visible action commences 
with the formation of a blue cloud. Let me guard my- 
self at the outset against all misconception as to the use 
of this term. The blue cloud here referred to is totally 
invisible in ordinary daylight. To be seen, it requires 
to be surrounded by darkness, it only being illuminated 
by a powerful beam of lights This cloud differs in 
many important particulars from the finest ordinary 
clouds, and might justly have assigned to it an inter- 
mediate position between these clouds and true cloud- 
less vapour. 
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It is possible to make the particles of this actinic 
cloud grow from an infinitesimal and altogether ultra- 
microscopic size to partictes of sensible magnitude^ and 
by means of these, in a certain stage of their growth, 
we produce a blue which rivals, if it does not transcend, 
that of the deepest and purest Italian sky. Introduc- 
ing into our tube a quantity of mixed air and nitrite 
of butyl vapour sufficient to ’depress the mercurial 
column of an air-pump one-twentieth of an inch, and 
adding a quantity of air and hydrochloric acid sufficient 
to depress the mercury half an inch further, through 
this compound and highly attenuated atmosphere is 
sent the beam of the electric light. Gradually within 
tlie tube arises a splendid azure, which strengthens for 
a time, reaches a maximum of depth and purity, and 
then, as the particles grow larger, passes into whitish 
blue. This experiment is representative, and it illus- 
trates a general principle. Various other colourless 
substances of the most diverse properties, optical and 
chemical, might be employed for this experiment. The 
incipierit cloud in every case would exhibit this superb 
blue ; thus proving to demonstration that particles of 
infinitesimal size, without any colour of their own, and 
irrespective of those optical properties exhibited by the 
substance in a massive state, are competent to produce 
the blue colour of the sky. 

But th(ire is another subject connected with our 
firmament, of a more subtle and reconcXte character 
than even its colour. I mean tJiat ^ mysterious and 
beautiful phenomenon,’ the polarization of the light 
of the sky. Looking at various points of the biue 
firmament through a Nicol’s prism, and turning the 
prism round its axis, we soon notice variations of 
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brightness. In certain positions of the prism, and 
from certain points of the firmament, the light appears 
to be wholly transmitted, whiie it is only necessary to 
turn the prism round its axis through an angle of 
ninety degrees to materially diminish the intensity of 
the light. Experiments of this kind prove that the 
blue light sent to us by the firmament is polarized, 
and on close scrutiny it* is also found that the direction 
of most perfect polarization is perpendicular to the 
solar rays. Were the heavenly azure like the ordinary 
light of the sun, tlie turning of the prism would 
have no effect upon it ; it would be transmitted equally 
during the entire rotation of the prism. The light of 
the sky is in great part quenched, because it is in great 
part polarized. 

The same phenomenon is exhibited in perfection by 
our actinic clouds, the only condition necessary to its 
production being the smallness of tlie particles. In 
all cases, and with all substances, the cloud formed at 
the commencement, when the precipitated particles 
are sufficiently fine, is blue. In all cases, moreover, 
this fine blue cloud polarizes perfectly the beam 
which illuminates it, the direction of polarization 
enclosing an angle of 90° with the axis of the illu- 
minating beam. 

It is exceedingly interesting to observe both the 
perfection and the decay of this polarization. For ten or 
fifteen minutes after its first appearance the liglit from 
a vividly illuminated incipient cloud, looked at hori- 
zontally, is absolutely quenched by a Nicols prism 
with its longer diagonal vertical. But as the sky-blue 
is gradually rendered impure by the introduction of 
particles of too large a size, in other words, as real 
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clouds begin to be- formed, the polarization begins to 
deteriorate, a portion of the light passing through the 
prism in all its positions*, as it does in the case of sky- 
light. It is worthy of note that for some time after 
the cessation of perfect polarization the residual light 
which passes, when the Nicol is in its position of 
minimum transmission, is of a gorgeotte blue, the 
whiter light of the cloud being extinguished. When 
the cloud texture has become sufficiently coarse to ap- 
proximate to that of ordinary clouds, the rotation of 
the Nicol ceases to have any sensible effect on the 
quantity of the light discharged at right angles to the 
beam. 

The perfection of the polarization in a direction 
perpendicular to the illuminating beam may be also 
illustrated by the following experiment with any suit- 
able vapour. A Nicol’s prism large enough to embrace 
the entire beam of the electric lamp was. placed 
between the lamp and the experimental tube. Send- 
ing the beam polarized by the Nicol through the 
tube, I placed myself in front of it, my eye being on a 
level with its axis, my assistant occupying a similar 
position behind the tube. The short diagonal of the 
large Nicol was in the first instance vertical, the plane 
of vibration of the emergent beam being therefore also 
vertical. As the light continued to act, a sujDerb blue 
cloud visible to both my assistant and myself was slowly 
formed. But thisnloud, so deep and rich wrten looked at 
from the positions mentioned, utterly disappeared when 
looked at vertically downwards^ or vertically upwards. 
Reflection from the cloud was not possible in thcfee 
directions. When the large Nicol was slowly turned 
round its axis, the eye of the observer being on the 
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level of the beam, and the line of vision perpendicular 
to it, entire extinction of the light emitted hori- 
zontally occurred where the ‘ longer diagonal of the 
large Nicol was vertical. But now a vivid blue cloud 
was seen when looked at downwards or upwards. This 
truly fine experiment, which I should certainly have 
made withoitt suggestion, was, as a matter of fact, first 
definitely suggested by a remark addressed to me in 
a letter by Prof. Stokes. 

Ail the phenomena of colour and of polarization 
observable in tlie case ' of skylight are manifested by 
those actinic clouds ; and they exhibit additional phe- 
nomena which it would be neither convenient to 
pursue, nor perhaps possible to detect, in the actual 
firmament. They enable us, for example, to follow 
the polarization from its first appearance on the barely 
visible blue to its final extinction in the coarser cloud. 
These changes, as far as it is now necessary to refer to 
them, may i)e thus summed up : — 

1. The actinic cloud, as long as it continues blue, 
discharges polarized light in all directions, but the 
direction of maximum polarization, like that of sky- 
light, is at right angles to the direction of the illumin- 
ating beam. 

2. As long . as the cloud remains distinctly blue the 
liglit discharged from it at right angles to the illumi- 
nating beam is perfectly polarized. It may be utterly 
(pienehod by^ a Nicol’s prism, the clofid from which it 
issues being caused to disappear. Any deviation from 
tile perpendicular enables a portion of the light to get 
tlttougl^ the prism. 

3. Tlio direction of vibration of tlie polarized light 
is at right angles to the illuminnting beam. Hence a 
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plate of toumialine} with its axis parallel to the beam, 
stops the light, and with the axis parallel to the beam 
transmits the light. 

4. A plate of selenite placed between the Nicol and 
the actinic cloud shows the colours of polarized light ; 
in &ct, the cloud itself plays the part of a polarizing 
Nicol. 

5. The particles of the blue cloud are immeasurably 
small, but they grow gradually in size, and at a certain 
period of their growth cease to discharge perfectly 
polarized light. For some time afterwards the light 
that reaches the eye through the Nicol is of a mag- 
nificent blue, for exceeding in depth and purity that 
of the purest sky ; thus the waves that first fed the 
influence of size at both limits of the polarization 
are the shortest waves of the spectrum. These are 
the first to accept polarization, and they axe the first 
to escape ftom it. 


H 
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BAKOB OF VISION INC03CMENSUBATB VTITU BANOS OF BADIATION-r-TTO 
UI.TBA-VI0O6T BAYS — FLUOBSSCBNCB — BENDEBINO INVISIBLB ^YS 
VISIBLE — ^VISION NOT THIiJ ONLY SENSE APPEALED TO BY THE SOLAB 
AND ELECTRIC BEAM— HEAT OF BFJkM— COMBUSTION BY TOTAL BEAM 
AT THE FOCI OF MIRRORS AND LENSES — COMBUSTION THROUGH ICE- 
LENS — ^IGNITION OP DIAMOND — SEARCH FOB THE BAYS HERB EFFEC- 
TIVE — SIR WILLIAM HERSCHBL’s DISCOVERY OP DARK SOLAR ItAYS — 
INVISIBLE RAYS THE BASIS OP THE VISIBLE — DETACHMENT BY A RAY- 
FILTER OP THE INVISIBLE RAYS FROM THE VISnSLE — COMBUSTION AT 
DARK FOCI — CONVERSION OP HEAT-BAYS INTO LIGHT-BAYS — CAXOBE- 
SCENCH — PART PLAYED IN NATURE BY DARK BAYS — IDENTITY OP LIGHT 
AND RADIANT HEAT — INVISIBLE IMAGES — REFLECTION, REFRACTION, 
PLANE POLARIZATION, DEPOLARIZATION, CIRCULAR POLARIZATION, 
DOUBLE REFRACTION, AND MAGNETIZATION OF RADIANT HEAT. 

The first question that we have to consider to-night 
is this : Is the eye, as an organ of vision, commensurate 
with the whole range of solar radiation — ^is it capable 
of receiving visual impressions from all the rays emitted 
by the sun ? The answer is negative. If we allowed 
ourselves to accept for a moment that notion of gradual 
growth, amelioration, and ascension, implied by the 
term evolution^ we might fairly conclude that there 
are stores of visual impressions awaiting man far 
greater than those of which he is now in possesGdon. 
For example, Eitter discovered in 1801 that beyond the 
ei!treme violet of the spectrum there is a vast efflux iof 
rays which ar^otally useless as regards our present 
powers of vision. These ultra-violet waves, however, 
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incompetent to awaken the optic nerve, can so 
shslt^ the molecules of certain compound substances on 
ndbfch they impinge as to*eflFect their decomposition. 

But though the blue, violet, and ultra-violet rays 
cail^ act thus upon certain substances, the fact is 
haMly sufficient to entitle them to the name of 
* chemical rays ’ as distinguished from the other con- 
stituents of the spectrum. As regards their action 
upon the salts of silver and many other substances — 
such, for example, as those concerned in the production 
of the actinic clouds referred to in our last lecture — 
they perhaps merit this title ; but in the case of the 
grandest example of the chemical action of light — 
namely, the decomposition of carbonic acid in the 
leaves of plants, with which my eminent friend Dr. 
Draper has so indissolubly associated his name — the 
yellow rays were found most active. 

There are substances, however, on which the violet 
and ultra-violet waves exert a special decomposing 
power ; and, by permitting the invisible spectrum to 
fall upon surfaces prepared with such substances, we 
reveal both the existence and the extent of the ultra- 
violet spectrum. 

The method of exhibiting the action of the ultra- 
violet rays by their chemical action has been long 
known ; indeed, Thomas Young photographed the ultra- 
violet rings of Newton. We have now to demonstrate 
their presence in another way. As a general rule, 
bodices transmit light or absorb it, but there is a third 
eape in which the light falling upon the body is neither 
tmnsxnitted nor absorbed, but converted into light^of 
lnAollier kind. Professor Stokes, the ||^upant of the 
chair of Newton in the University of Cambridge, has 

M2 
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demonstrated this change of one kind of light into 
another, and has pushed his experiments so far as to 
render the invisible rays visible. 

A long list of substances examined by Stokes when 
excited by the invisible ultra-violet waves have been 
proved to emit light. You know the rate of vibration 
corresponding to the eartareme violet of the spectrum ; 
you are aware that to produce the impression of this 
colour, tlie retina is struck 789 millions of millions of 
times in a second. At this point, the retina ceases to 
be useful as an organ of vision, for though struck by 
waves of more rapid recurrence, they are incompetent 
to awaken the sensation of Ught. But when such non- 
visual waves are catised to impinge upon the molecules 
of certain substances — on those of sulphate of quinine, 
for example — they compel those molecules, or their 
constituent atoms, to vibrate ; and the peculiarity is, 
that the vibrations thus set up are of slower period 
than those of the exciting waves. By this lowering of 
the rate of vibration through the intermediation of the 
sulphate of quinine, the invisible rays are brought 
within the range of vision. We shall subsequently 
have abundant opportimity for learning that trans- 
parency to the visible by no means involves transparency 
to the invisible rays. Our bisulphide of carbon, for 
example, which, employed in prisms, is so eminently 
suitable for experiments on the visual rays, is by no 
means so statable for these ultra-violet rays. Flint 
glass is better, and rock crystal is still better than flint 
glass. A glass prism, however, will suit our present 
phrpose. 

Citing by means of such a prism a spectrum, not 
upon the white surfeice of our screen, but upon a sheet 
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of paper wliioh has been wetted with a saturated 
solution of the sulphate of quinine, and afterwards dried, 
an obvious extension of the spectrum is revealed. We 
have, in the first instance, a portion of the violet 
rendered whiter and more brilliant ; but, besides this, 
we have the gleaming of the colour where in the case 
of unprepared paper nothing is seen. Other substances 
produce a similar effect ; and b substance recently dis- 
covered by President Morton, and to which he has given 
the name of Thallene^ produces a very striking elon- 
gation of the spectrum, the new light generated being 
of peculiar brilliancy. 

Fluor spar and some other substances when raised to 
a temperature still under redness emit light. Dm-ing the 
ages which have elapsed since their formation, this capa- 
city of shaking the ether into visual tremors appears to 
have been enjoyed by these substances. Light has been 
potential within them all this time ; and, as well ex- 
plained by Draper, the heat, though not itself of visual 
intensity, can unlock the molecules so as to enable 
them to exert the power of vibration which they possess. 
This deportment of fluor spar determined Stokes in his 
choice of a name for his great discovery ; he called this 
rendering visible of the ultra-violet rays Fluorescence, 

By means of a deeply-coloured violet glass, we cut 
off almost the whole of the Ughb of our electric beam ; 
but this glass is peculiarly transparent to the violet and 
ultra-violet rays. The violet beam now crosses a large 
jar filled with water. Into it I pour a solution of 
sulphate of qiiinine : opaque clouds, to all appear- 
ance, instantly tumble downwards. Fragment^ of 
horse-chestnut bark thro\ra upon the water also send 
down beautiful cloudUke striae. But these are not 
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clouds: there is nothing precipitated here: the ob- 
served action is an action of moleoiUeSf not of parUdes, 
The medium before you is not a turbid medium, for 
when you look through it at a luminous surface it is 
perfectly clear. 

If we paint upon a piece of paper a flower or a 
bouquet with the sulphate of quinine, and expose it to 
the full beam, scarcely aUjrthing is seen. But on inter- 
posing the violet glass, the design instantly flashes forth 
in strong contrast with tlie deep surrounding violet. 
Here is a most beautiful example of such a design pre- 
pared for me by President Morton with his thallene : 
placed in the violet Mght it exhibits a peculiarly 
brilliant fluorescence. From the experiments of Dr. 
Bence Jones, it would seem that there is some sub- 
stance in the human body resembling the sulphate of 
quinine, which causes all the tissues of the body to be 
more or less fluorescent. The crystalline lens of the 
eye exhibits the effect in a very striking manner. 
When, for example, I plunge my eye into this violet 
beam, I am conscious of a whitish-blue shimmer filling 
the space before me. This is caused by fluorescent 
light generated in the eye itself ; looked at from with- 
out, the crystalline lens, at the same time gleams 
vividly. 

Long before its physical origin was imderstood this 
fluorescent light attracted attention. Boyle, as Sir 
Charles Wheg.tstone has been good enougli to point 
out to me, describes it with great fullness and exact- 
ness. ‘We have sometimes,’ he says, ‘found in the 
sho^s of our druggists a certain wood which is there 
called Idgnum NephriticvMiy because the inhabitants 
of the country where it grows are wont to use the 
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infusion of it, made in fair water, against the stone in 
the kidneys. This wood may afford us an experiment 
which, besides the singularity of it, may give no small 
assistance to an attentive considerer towards the detec- 
tion of the nature of colours. Take Lignum Nephri- 
ticum, and with a knife cut it into thin slices; put 
about a handful of these slices into two or three or 
four poimds of the purest spfing water. Decant this 
impregnated water into a glass phial ; and if you hold 
it directly between the light and your eye, you ^hall 
see it wholly tinted with an almost golden colour. 
But if you hold this phial from the light, so that your 
eye be placed betw^t the wihdow and the phial, the 
liquid will appear of a deep and lovely ceruleous 
colour.’ 

‘ These,’ he continues, ‘ and other phenomena which 
I have observed in this delightful experiment, divers 
of my friends have looked upon, not without some 
wonder ; and I remember an excellent oculist, finding 
by accident in a Mend’s chamber a phial full of 
this liquor, which I had gfiven that friend, and having ‘ 
never heard anything of the experiment, nor having 
anybody near him who could tell him what this strange 
liquor might be, was a great while apprehensive, as he 
presently afterwards told me, that some strange new 
distemper was invfdihg his eyes. And I confess that 
the unusualness of the phenomenon made me very 
solicitous to find out the cause of this experiment; and 
though I am fiir from pretending to have found it, yet 
my enquiries have, I suppose, enabled me to give such 
hints as may lead your greater sagacity to the discqjety 
of the cause of this wonderI*‘ 

' Boyle’s Works, Bixch’s edition, vol. i. pp. 729 and 730. 
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G-oethe in his ‘ Farbenlehre’ thns describes the fluores- 
cence of horse-chestnut bark: — ‘Let a strip of fresh 
horse-chestnut bark be taken* and clipped into a glass 
of water; the most perfect sky-blue will be imme- 
diately produced.’* Sir John Herschel first noticed 
and described the fluorescence of the sulphate of quin- 
ine, and showed that the light proceeded from a thin 
stratiun of the solutioif adjacent to the surface where 
the light enters it. He showed, moreover, that the 
incident beam, although not sensibly weakened in lumi- 
nous power, lost the power of producing the blue 
fluorescent light in transmission through the solution 
of sulphate of quinine. Sir^ Havid Brewster also 
worked at the subject ; but to Stokes we are indebted 
not only for its expansion, but for its full and final 
explanation. 

But the waves from our incandescent carbon-points 
appeal to another sense than that of vision. They not 
only produce light, but heat, as a sensation. The 
magnified image of the carbon-points is now upon the 
screen ; and with a suitable instrument the heating 
power of the rays which form that imago might be 
demonstrated. In this case, however, the heat is 
spread over too large an area to be intense. Pushing 
out the lens and causing a movable screen to approacli 
our lamp, the image is seen to become smaller and 
smaller; the, rays at the some time becoming more- 
concentrated, until finally they are able to pierce black 
paper with a burning ring. Bendering the beam '[^- 
alld and receiving it upon a concave mirror, the rays 
are brought to a focus : paf>er placed at the focus is- 

‘ Wcrlce, t). xsix. p. 24. 
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caused to smoke and bum. This may be done by our 
ordinaiy camera and lens, and by a concave mirror of 
very moderate power. 

We will now adopt stronger measures with the radia- 
tion from the electric lamp. In tliis larger camera of 
blackened tin is placed a lamp, in all particulars 
similar to those already employed. But instead of 
gathering up the rays from *the carbon-points by a 
condensing lens, we gather them up by a concave mirror 
(mm', fig. 50), silvered in front and placed behind the 
carbons (P) . By this mirror we can cause the rays to issue 
through the orifice in front of the camera, either parallel 
or convergent. They are now parallel, and therefore to 
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a certain extent diffused. We place a convex lens (L) in 
the path of the beam ; the light is cogiverged to a 
focus (C), and at that focus paper is not only pierced and 
a burning ring formed, but it is instantly set ablaze. 

Many metals may be burned up in the same way. 
In our first lecture the confbustibility of zinc was men- 
tioned. Placing a strip of sheet-zinc at this focus, it 
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is instantly ignited and burns with its characteristic 
purple flame. And now I will substitute for our 
glass lens (L) one of a more novel character. In a 
smooth iron mould this lens of pellucid ice has been 
formed. Placing it in the position occupied a moment 
ago by the glass lens, I can see the beam brought to a 
sharp focus. At the focus I place a bit of black paper, 
with a little gun-cotton ‘folded up within it. The paper 
immediately ignites and the cotton explodes. Strange, 
is it not, that the beam should possess such heating 
power after having passed though so cold a substance ? 
In his arctic expeditions Dr. Scoresby succeeded in 
exploding gunpowder by the sun’s rays converged by 
large lenses of ice ; here the effect is produced with a 
small lens, and wdth a terrestrial source of heat. 

In this experiment, you observe tliat, before the beam 
reaches the ice-lens, it has passed tlu’ough a glass cell 
containing watcir. The beam is thus sifted of con- 
stituents, whicli, if permitted to fall upon tlie lens, 
would injiue its surface, and blur the focus. And this 
leads me to say an anticipatory word regarding trans- 
parency. In our first lecture we entered fully into the 
production of colours by absorption, and we spoke re- 
peatedly of the quenching of the rays of light. Did 
this mean that tlie light was altogether annihilated ? 
By no means. It was simply so lowered in refrangi- 
bility as to escape the visual range. It was converted 
into heat, 0^lr red ribbon in the green of the spectrum 
quenched the green, but if suitably examined its tem- 
perature would have been found raised. Our green 
ribJ)on in the red of the spectrum quenched the red, 
but its temperature at the'same time was augmented 
to a degree exactly equivalent to the light extinguished. 



T. 


HEBSCHELS DISCOVERY. 


171 


Our black ribbon, when passed through tho spectrum, 
was foimd competent to quench all its colours ; but at 
every stage of its progress an amount of heat was 
generated in the ribbon exactly equivalent to tho light 
lost. It is only when absorption takes [place that 
heat is thus produced ; and heat is always a result of 
absorption. 

Examine this water, then, ir/ front of the lamp after 
the beam has passed through it : it is sensibly warm, 
and, if permitted to remain there long enough, it might 
be made to boil. This is due to the absorption by the 
water of a portion of the electric beam. But a certain 
portion passes through unabsorbed, and does not at all 
contribute to the heating of the water. Now, ice is 
also in great part transparent to the latter portion, and 
therefore is but little melted by it ; hence, by employ- 
ing this particular portion of the beam, we are able to 
keep our lens intact, and to produce by means of it a 
sharply-defined focus,* 

Placed at that focus, white paper is not ignited, be- 
cause it fails to absorb the rays emergent from the 
ice-lens. At the same place, however, black paper in- 
stantly burns, because it absorbs the light which had 
passed through the ice-lens without absorption. To 
these illustrations of lieating power may be added the 
ignition of a diamond in oxygen, by tlie concentrated 
beam of the electric lamp. 

* The comet of 1680, when nearest to tho sun, was only a sixth of 
the sun’s diameter from his surface. Newton estimated its tomperaturo 
iiere to ho more than two thousand times that of molten iron. It seems 
worth pointing out that tho temperature of tho comet could not ho in- 
ferred from its nearness to tho suc^ If its power of absorption *Cero 
sufficiently low, the comet might carry into tho sun’s neighbourhood tho 
temperature of stellar spaco. 
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In the path of the beam issuing from our lamp is 
placed a cell with glass sides containing a solution of 
alum. All the light of the beam passes through this 
solution. This light is received on a powerfully con- 
verging mirror silvered in froht, and brouglit to a focus 
by the mirror. You can see the conical beam of re- 
flected light tracking itself through the dust of the 
room. A scrap of white paper placed at the focus 
glows there with dazzling brightness, but it is not oven 
charred. On removing the alum cell, however, the 
paper instantly inflames. There must, therefore, bo 
something in this beam besides its light. The light is 
not absorbed by the white paper, and therefore does 
not bum the paper ; but there is something over and 
above the light which is absorbed, and which provokes 
combustion. What is tliis something ? 

In the year 1800 Sir William Ilerschel passed a 
thermometer through the various colours of the solar 
spectrum, and marked the rise of temperature corre- 
sponding to each colour. He found the heating effect 
to augment from the violet to the red ; he did not, liow- 
ever, stop at tlie red, but pushed his thermometer into 
the dark space beyond it. Here he found the tempera- 
ture actually higher than in any part of the visible 
spectrum. 13y this important observation, he proved 
that the sxm emitted dark heat-rays which arc entirely 
unfit for the purposes of vision. Tlie subject was sub- 
sequently taken up by Seebeck, Melloni, Muller, and 
others, and within the last few years it has been found 
capable of unexpected expansions and applications. 
A method has l)een devised whereby the solar or electric 
beam can be so filtered as' to detach from it and pre- 
serve intact tliis invisible ultra-red emission, while the 
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visible and ultra-violet emissions are wholly intercepted. 
We are 4ihus enabled to operate at will upon the purely 
ultra-red waves. 

In the heating of solid bodies to incandescence this 
non-visual emission is the necessary basis of the visual. 
A platinum wire is stretched in front of the table, and 
through it an electric current flows. It is warmed by 
the current, and may be felt t<f be warm by the band ; 
it also emits waves of heat, but no light. Augmenting 
the strength of the current, the wire becomes hotter ; 
it finally glows with a sober red light. At this point 
Dr. Draper many years ago began an interesting in- 
vestigation. He employed a voltaic cmront to heat 
his platinum, and he studied by means of a prism 
the successive introduction of the colours of the 
spectnun. His first colour, as here, was red 5 then 
came orange, then yellow, then green, and lastly all 
the shades 'of blue. Thus as the temperature of the 
platinum was gradually augmented, the atoms were 
caused to vibrato more rapidly, shorter waves were 
thus produced, until finally waves were obtained cor- 
responding to the entire spectrum. As each successive 
colour was introduced, the colours preceding it became 
more vivid. Now the vividness or intensity of light, 
like that of soimd, depends not upon the length of the 
wave, but on the amplitude of the vibration. Hence, 
as the less refrangible colours grew more intense as the 
more refrangible ones were introduced, vffi are forced to 
caonclude that side by side with the introduction of the 
shorter waves we had an augmentation of the amplitude 
of the longer ones. ^ 

These remarks apply not' only to the visible emission 
examined by Dr. Draper, but to the visible emission 
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which preceded the appearance of any light. In the 
emission from the white-hot platinum wire now before 
you the very waves exist with which we started, only 
their intensity has been increased a thousand-fold by 
the augmentation of temperature necessary to the pro- 
duction of this white light. Both effects are bound 
together: in an incandescent solid, or in a molten 
solid, you cannot have* the shorter waves without this 
intensification of the longer ones. A sun is possible 
only on these conditions ; hence Sir William Herschers 
discovery of tlie invisible ultra-red solar emission. 

The invisible heat, emitted both by dark bodies and 
by luminous ones, flies through space with the velocity 
of light, and is called radiant heat Now, radiant heat 
may bo made a subtle and powerful explorer of mole- 
cular condition, and of late years it has given a now 
significance to the act of chemical combination. Take, 
for example, the air we breathe. It is a mixture of 
oxygen and nitrogen ; and it behaves towards radiant 
heat like a vacuum, being incompetent to absorb it in 
any sensible degree. But permit the same two gases 
to unite chemically; without any augmentation of 
the quantity of matter, without altering the gaseous 
condition, without interfering in any way with the 
transparency of the gas, the act of chemical union is 
accompanied by an enormous diminution of its diather^ 
mancy^ or peiwiousness to radiant heat. 

The researches which established this result also 
proved the elementary gases generally to bo highly 
transparent to radiant heat. This, again, led to the 
pro^f of the diathermancy of elementary liquids^ like 
bromine, and of eohitions of the solid elements sulphur, 
phosphorus, and iodine. A spectrum is now before 
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you, and you notice that this transparent bisulphide of 
carbon has no effect upon the colours. Dropping into 
the liquid a few flakes of iodine, you see the middle of 
the spectrum cut away. By augmenting the quantity of 
iodine, we invade the entire spectrum, and finally cut 
it off altogether. Now, th® iodine whicli proves itself 
thus hostile to the light is perfectly tiunsparent to the 
ultra-red emission with which we have now to deal. 
It, therefore, is to be our ray-filter. 

Placing the alum-cell again in front of the electric 
lamp, we assure ourselves as before of the utter inability 
of the concentrated light to fire white paper. Intro- 
ducing a cell containing the solution of iodine, the 
light is entirely cut off, and then on removing the alum- 
cell, the paper at the dark focus is instantly set on fire. 
Black paper is more absorbent than white for those 
ultra-red rays ; and the consequence is, that with it the 
suddenness and vigour of the comlnistion are augmented. 
Zinc is burnt up at the same place, magnesium bursts 
into vivid combustion, while a sheet of platinized 
platinum placed at the focus is heated to whiteness. 

Looked at through a prism, the white-hot platinum 
yields all the colours of the spectrum. Before im- 
pinging upon the platinum, the waves were of too slow 
recurrence to awaken vision; by the atoms of the 
platinum, these long and sluggish waves are broken up 
into shorter ones, being thus brought within the visual 
range. At the other end of the spectrum Stokes, by 
the interposition of suitable substances, lowered the 
refrangibility so as to render the non-visual rays visual, 
and to this change he gave the name of Flu&resc^ce^ 
Here, by the intervention' of the platinum, the re- 
frangibility is raised^ so as to render the non-visual 
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visual, and to this change we give the name of 
Calorescenoe. 

At the perfectly invisible focus where thclb effects 
arc produced, the air may be as cold as ice. Air, as 
already stated, does not absorb the radiant heat, and is 
therefore not warmed by-^it. Nothing could more 
forcibly illustrate the isolation, if I may use the term, 
of the luminiferous ether from the air. The wave- 
motion of the one is heaped up, without sensible effect 
upon the other. I may add that, with suitable pre- 
cautions, the eye may be placed in a focus competent 
to heat platinum to vivid redness, without experiencing 
any damage, or the slightest sensation either of light 
or heat. 

The important part played by these ultra-red rays in 
Nature may be thus illustrated : I remove the iodine 
filter, and concentrate the total beam upon a test-tube 
containing water. It immediately begins to sputter^ 
and in a minute or two it boils. What boils it? 
Placing the alum solution in front of the lamp, the 
boiling instantly ceases. Now, the alum is pervious to 
all the luminous rays ; lienee ^ it cannot be tl\ese rays 
that caused the boiling. I now introduce the iodine, 
and remove the alum ; vigorous ebullition immediately 
recommences at the invisible focus. So that we here 
fix upon the invisible ultra-red rays the heating of the 
water. 

We are time enabled to understand the momentous 
part j)layed by these rays in Nature. It is to them 
that we owe the warming and the consequent evapora- 
tioii^of the tropical ocean ; it is to them, therefore, that 
we owe our rains and snows*. They are absorbed close 
to the surface of the ocean, and warm the superficial 
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water, while the luminous rays plunge to great depths 
without producing any sensible effect. But we can 
proceed further than this. Here is a large flask con- 
taining a freezing mixture, which has so chilled the 
flask that the aqueous vapour of the air has been oon- 
densed and frozen upon it to a white fur. Introduaing 
the alum-cell, and placing the coating of hoar-frost at 
the intensely luminous focus, not a spicula of the frost 
is melte l. Introducing the iodine-cell, and removing 
the alum, a broad space of the frozen coating is instantly 
melted aAvay. Hence we infer that the snow and ice 
which feed the Rhone, the Rhine, and other rivers 
which liave glaciers for their sources, are released from 
their imprisonment upon the mountains by the invisible 
ultra-red rays of the sun. 

Tlie growth of science is organic. That which to- 
day is an end becomes to-morrow a means to a remoter 
end. Every new discovery in science is immediately 
made the basis of other discoveries, or of new methods 
of investigation. Thus about fifty years ago, CErsted, 
of Copenjiagen, discovered the deflection of a magnetic 
needle by an electric currcuit ; and about the same 
time Thomas Seebeck, of Berlin, discovered thermo- 
electricity. These great discoveries were soon after- 
wards turned to account by Nolali and Melloni in the 
construction of an instrument whicli has vastly aug- 
mented our knowledge of radiant heat. • This instru- 
ment, winch is called a thermo-electric pile^ con- 
sists of thin bars of bismuth and antimony, soldered 
alternately together at their ends, but separated fwm 
each other elsewlie3*e. From tlie ends of this ‘pile’ wires 
pass to a galvanometer, wliich consists of a coil of 

N 
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covered wire, within and above which are suspended 
two magnetic needles joined to a rigid system, and 
carefully defended from curreitts of air. 

The action of the arrangement is this : tlie heat, falling 
on the pile, produces an electric current ; the current, 
passing through the coil, deflects the needles, and the 
magnitude of the deflection may be made a measure of 
tlie heat. The upper neellle moves over a graduated dial 
far loo small <0 be seen. It is now, liowever, strongl}' 
illuminated. Above it is a lens which, if permitted, 
would form an image of the needle and dial upon tlie 
ceiling, where, however, it could not be conveniently 
seen, 'riie beam is therefore received upon a loohing- 
glass, jilaced at the proper angle, which throws the 
imago upon a screen. In this way the motions of this 
small needle may be made visible to you all. 

The delicacy of this apparatus is such tliat in a room 
filled, as this room now is, with an audience physically 
warm, it is exceedingly difficult to work wdth it. My 
assifetiint stands sc‘veral feet off. I turn tlie pile towards 
him : the boat from his face, (?ven at this distance, pro- 
duces a defloctipn of 90®. I turn the instrument 
towards a distant wall, judged to he a little below tlie 
average tempei ature of the room. Tlie needle descends 
and passes to the other side of zero, declaring by this 
negative deflection that the pile feels tlie chill of the 
wall. Possessed of this instrument, of our ray-filter, 
and of our large Niex)! prisms, we are in a condition to 
investigate a subject of great philosophical intcu-est, 
and which long engaged thc‘ attention of some of our 
foremost scientific workers — the substantial identity 
of light and radiant heat. 

That they are identical in all respects cannot (»f 
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course be the case, for if they were so they would act 
in the same manner upon all instruments, the tye 
included. The identity meant is such as subsists 
between one colour and another, causing them to 
behave alike as regards reflection, refraction, double 
refraction, and polarization. Let us here run rapidly 
over their resemblances. As regards reflection from 
.plane surfaces, we may employ a looking-glass to reflect 
the light. Marking anj’^ point in the track of the 
reflected beam, and cutting off the light by* the 
iodine, on placing the pile at the marked point, the 
needle immediately starts aside, showing tliat the heat 
is reflcjctcd in the same direction. This is true for 
every position of the mirror. Kesuming, for example, 
the experiments made with the apparatus employed in 

Fig. 51. 






our first lecture (fig. 3) ; moving the index attached 
to the mirror along the divisions of our graduated 
arc (M 0) and determining by the pile the positlf)ns 
of the invisible reflected beam, we prove the angulaj- 
velocity of the beam to be twice that of the mirror. 
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As regards reflection from curved surfaces, the 
identity also holds good. Eeceiving the beam from 
our electric lamp on a concave ihirror (m m, fig. 
51), it is gathered up into a cone of reflected light ; 
marking the apex of the cone by a pointed, and cutting 
off the light* by the iodine solution (T), a moment’s 
exposure of the pile (P) at the marked point produces 
a violent deflection of tlie needle. 

The common and total reflection of a beam of radiant 
heat may be simultaneously demonstrated. From the 
nozzle of the lamp (L, fig. 52) a beam impinges upon 



a plane mirror (M N), is reflected upwards, and enters, 
a right-angled prism, of which a be is the section. 
It meets the hypothenuse at an obliquity greater 
than the limiting angle,* and is therefore totally re- 
fle^ed. Quenching the light by the ray-filter at F, 
and placing the pile at the totally-reflected heat- 
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bealn is immediately felt by the pile, and declared by 
the galvanometric deflection. 

Perhaps no experiment more conclusively proves the 
substantial identity of light and radiant heat than the 
formation of invisible heat-images. Empfoying the 
mirror already used to raise the beam to its highest 
state of concentration, we obtain, as is well known, an 
inverted image of the carbon points formed by the 
light-rays at the focus. Cutting off tlie light by the 
ray-filter, find placing at the focus a thin sheet of 
platinized platinum, the invisible rays declare their 

Fig. 53 . 
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presence and distribution by stamping upon the plati- 
num a white-hot image of the carbons. (See fig. 53.) 

Whether radiant heat be capalde of polarization or 
not was for a long time a subject of discussion. Berard 
had announced affirmative results, but Powell and 
Lloyd failed on trial to verify tliem. llie doubts thus 
thrown upon the question were removed by the experi- 
ments of Forbes, who first established the polarization 
and ‘depolarization’ of hqat. The subject was tfSbse- 
quently followed up by Melloni, an investigator of con- 
summate ability, who sagaciously turned to account his 
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own discovery that the obscure rays of luminous sources 
were in part transmitted by black glass. Intercepting 
by a plate of this glass the liglit from his lamp oil flame, 
and operating upon the transmitted invisible heat, he 
obtained effects of polarization far exceeding in mag- 
nitude those which could be obtained with non-lumi- 
nous sources. At present the possession of our more 
perfect ray-filter, and more powerful source of heat, 





enables us to pursue this identity question to its utmost 
practical limits. 

Mounting our two Nicols (B and G, fig. 54) in front 
of the electric lamji, with their principal sections 
crossed, no light reaches the screen. Placing our 
thermo-electric pile (I)) behind the prisms, with its 
face turned towards the source, no deflection of the 
galvanometer is observed. Interposing between the 
lam^ji. (A) and th^ first prism (B) our ray-filter, the 
light previously transmitted through the first Nicol 
is quenched ; and now the slightest turning of either 
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Nicol opens a way for the transmission of the lieat, 
a very small rotation sufficing to send the needle up 
to 90°. When the Nicol is turned hack to its first 
position, the needle again sinks to zero, thus demon- 
strating in the plainest manner the polarization of 
the heat. 

When the Nicols are crossed and the fi(dd is dark, 
you know, in the casei of light, •the effect of introducing 
a. plate of mica between tlu^ polarizer and analyse!*. In 
two positions the mica exerts no sensible intlu(*nce ; in 
all others it does. A precisely analogous doiiortineiit is 
obsej-ved as regards radiant heat. Iiitroducing our ray- 
filter, the thc'rmo-pile, playing tlie ])art of an eye as 
regards the invisible radiation, rec(MV(‘S no heat wlieii 
tlie eye njceives no light; but wlien tlie mica is so 
turned as to make its pianos of vibration oblique to 
tliose of thtj polarizer and analyser, the heat immedi- 
ately passes througli. So strong does the action be- 
come, that tlie inomimtary plunging of tlie film of mica 
into the dark space between the Nic(ds suffices to send 
the needle up to 90°. This is the effect to which tlu^ 
term ^ depolarization ’ has bemi applied ; the (experiment 
really proving tliat Avith both light and heat Ave liav(^ 
the same resolution by the plate of mica, and recom- 
pounding by the analyser, of tlie ethereal vihrations. 

Removing the mica and restoring the needle once more 
to 0°, I introduce Ix^tAveen tin? Nicols a j>late of (juartz 
cut perpcmdiciilar to the axis; the immefliate deflection 
of the needle declai'os the transmission of tlui heat, and 
when the transmitted beam is propc-rly examiiie^d, it is 
found to be circularly polarized, exactly as a bea-jii of 
light is polarized under the same conditions. 

I will now abandon tJie Nicols, and send through 
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the piece of Iceland spar o5)already employed to 

illustrate the double refraction of light, our sifted beam 

Fig. 55. 



of irn isilile lieut. To dotcriniiie the positions of tlio 
two images, let us first operate upon the total beam. 
Marking the places of the light-images, we introduce 
(between N and L) our ray-filter (not in the figure) 
and quench the light. Causing the pile to approach 
one of the marked points, the needle remains unmoved 
until the point has been attained; here the pile at 
once detects the heat. Pushing the pile across the 
interval separating the two marks, the needle first falls 
to 0°, and then rises again to 90° in the second position. 

I now turn tlie Iceland spar : the needle remains 
fixed: there is no alteration of the deflection. Pass- 
ing the pile rapidly across to the other mai'k, the 
deflection is maintained. Once more I turn the spar, 
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but now tlie needle falls to 0®, rising, however, again 
to 90® after a rotation of 360°. We know that in the 
case of light the extraordinary beam rotates round the 
ordinary one ; and we have here been operating on the 
extraordinary heat-beam, which, as regards double re- 
fraction, behaves exactly like a beam of light. 

To render our series of comparisons complete, we must 
demonstrate the magnetizatioii of heat. But here a 
slight modification of our arrangement will be necessary. 
In repeating Faraday’s experiment on the magnetiza- 
tion of liglit, we had, in the first instance, our Nicols 
crossed and the field rendered dark, a flash of light ap- 
pearing ujDoii the screen when the magnet was excited. 
Now the quantity of light transmitted in tliis case is 
really very small, its effect being rendered striking 
through contrast with the preceding darkness. When 
we so place the Nicols that their principal sections en- 
close an angle of 45°, the excitement of the magnet 
causes a far greater jiositive augmentation of the light, 
thougli the augmentation is not so well seen through 
lack of contrast, because here, at starting, the field is 
illuminated. 

In trying to magnetize our beam of heat, wo will 
adopt tliis arrangement. Here, however, at starting, a 
considerable amount of lieat falls upon one face of the 
pile, which it is necessary to neutralize by permitting 
rays from another source to fall upon the other face of 
the pile. The needle is thus brought tb zero. Cut- 
ting off the light by our ray-filter, and exciting the mag- 
net, the needle is instantly deflected, proving that the 
magnet has opened a door ^for the heat, exactly a» in 
Faraday’s experiment it opened a door for the light. 
Thus, in every case brought under our notice, the sub- 
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stantial identity of light and radiant heat has been 
demonstrated. 

By the refined experiments of Knoblauch, who worked 
long and successfully at this question, the double re- 
fraction of heat by Iceland spar was first demonstrated ; 
but though he employed the luminous heat of the sun, 
the observed deflections were exceedingly small. So, 
likewise, those eminent 'investigators I)e la Povostaye 
and Desains succeeded in magnetizing a beam of heat; 
but thougli in their case also tlie luminous solar heat 
was employed, the deflection obtained did not amount 
to more than two or three degrees. With the arrange- 
ment hero made us(^ of deflections may bo obtained, with 
purely invisible heat, equal to 150 of tlie lower degrees 
of the galvanometer. 

We liave finally to determine the position and mag- 
nitude of tlie invisible radiation which produces these 
results. For this purpose we employ a particular form 
of the thermo-cdectric pile. Its face is a rectangle, 
which l)y movable side-pieces can ha rendered as nar- 
row as desirabh?. Throwing a small and concentrated 
spectrum upon a screen, by means of an endless screw 
we move this rectangular pile through the entire 
spectrum, and determine in succession the thermal 
power of all its colours. 

When this instrument is brought to the violet end 
of the spectrum, the heat is found to be almost insen- 
sible. As life pile gradually moves from the violet 
towards the red, it encounters a gradually augmenting 
heat. The red itself possesses the highest heating 
poiwr of all the colours of fhe spectrum. Pushing the 
pile into the dark space beyond the red, the heat rises 
suddenly in intensity, and at some distance beyond 
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the red it attains a maximum. From this point the 
heat falls soraewliat more rapidly than it rose, and after- 
wards gradually fades away. 

Drawing a horizontal line to representtho length of tlie 
spectrum, and erecting along it, at various points, per- 
pendiculars proportional in length to the heat existing 
at those points, we obtain a curve which exhibits tlit^ 
distribution of lieat in our spe<5trum. It is represented 
in the adjacent figure, lieginiiing at the blue, the curve 
rises, at first very gradually ; towards tlie red it -rises 
monj rapidly, the line C I) (fig. 56, next page) repre- 
senting the strength of tlie extreme red radiation. 
Beyond the red it shoots upwards in a steep and massive 
peak to 13, whence it falls, rapidly for a time, and after- 
wards gradually fades from the perception of the pile. 
This figure is the result of more than twelve careful 
series of measurements, for each of which the curve 
was constructed. On superposing all these curves, a 
satisfactory agreement was found to exist between them. 
So that it may safely be concluded that tlie areas of the 
dark and white spaces respectively represent the rela- 
tive energies of tlie visible and invisible radiation. 
The one is 7*7 times the other. 

But in verification, as already stated, consists the 
strength of science. Determining in the first place the 
total emission from the electric lamp ; then by means 
of the iodine filter determining the ultra-red ernissiou ; 
the difference between both gives tlie luminous emis- 
sion. In this way, it is found that the energy of 
the invisible emission is eight times that of the visible. 
No two methods could lie more opposed to each other, 
and hardly any two results could better harmonize. I 



Fig. iji). 


iss 


ON LIGHT. 


I.KCT. 



Spectrum of Electric Light. 


V. 


VERIFICATION OF RESULT. 


189 


think, therefore, you may rely upon the accuracy of the 
distribution of heat liere assigned to the prismatic 
spectrum of the electric -light. There is nothing vague 
in the mode of investigation, nor doubtful in its con- 
clusions. 
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PETNCirEKS OK SPECTEUM ANALYSIS — PttLSMATIC ANALYSIS OF TITE TJOTIT 

OF JNCAXPESCENT VAPOURS — OLSCONTINUOUS SPECTRA SPECTRUM! 

ILVNJ).S PROVEII HY HUNSKN AND KIRCHHOFF TO PE CHARACTKllISTTC OF 
THE VAPOril — TlISCOVERY OP RrHIDlPM, C.R-SH’M, AND THALLIUM — 

RELATION OF EMISSION TO AB.SORPTIOX THE LINES OF FRAUNHOFER 

— THEIR IfIXPLANATlON BY KIRCHHOFF— SoLAR CHEMISTRY INVOLVED 
IN THIS EXPLANATION — FOUCAULTS EXPERIMENT —PRINCIPLES OF 
ABSORPTION— ANA J.()0Y OF SOUND AND LKJHT — EXPERIMENTAL DE- 
MONSTRATION OF THIS ANALOGY — RECENT APPLICATIONS OF THE 
SPECTROSCOPl-: — SUMMARY AND CONCLUSION. 

We liave employed as our source of liglit in tJiese 
lectures the ends of two rods of coke rendered incan- 
descent hy electricity. Coke is particularly suitable for 
this purpose, because it can bear intense heat without 
fusion or vaporization. It is also black, which helps the 
liglit ; for, other circumstances being equal, as shown 
experimentally liy Professor Balfour Stewart, the blacker 
the body the brighter will be its light when incandes- 
cent. Still, refractory as carbon is, if we closely ex- 
amined our voltaic arc, or stream t)f liglit between tlie 
carbon-points, we should find tlierc incandescent carbon- 
vapour. And if we could detach the light of this vapour 
from the more dazzling light of the solid points, we 
should find its spectrum not only less brilliant, but of a 
totally different character from the spectra that we have 
already seen. Instead of being an unbroken succession 
of colours from red to violet, the carbon-vapour would* 
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yield a few bands of colour with sj3aces of darkness 
between them. 

What is true of the carbon is true in a still more 
striking degree of the metals, the most refractory 
of which can be fused, boiled, and reduced to vapour by 
the (dectric current. From the incandescent vapour the 
light, as a general rule, flashes in groups of rays of 
definite degret'S of refrangibility, spaces existing be- 
tween group and group, which are unfilled by rays 
of any kind. But the contemplation of the factsj will 
render this subject more intelligible than words can 
make it. Within the camera is now^ placed a cylinder 
of carbon hollowed out at the top to receive a bit of 
metal ; in the hollow is placed a fragment of tlie metal 
tliallium. Dowui upon this we bring the upper carbon 
point, and then separate the one from the other. A 
stream of incandescent thallium vapour passes betwxHUi 
tliem, the magnified imago of wdiich is now seen upon 
the screen. It is of a lieautifid green colour. What is 
the meaning of that green ? We ausw^er tlio question 
by subjecting the light to prismatic analysis. Here 
you have its spectrum, consisting of a single refracted 
band. Ijight of one degree of rcd'raugibility, and that 
corresponding to green, is emitted by the thallium 
vapour. 

We will now reniove the thallium and put a bit of 
silver in its place. The arc of silver is not to be dis- 
tingnislied from that of thallium ; it is ivot only green, 
like tlie thallium vapour, but the same shade of green. 
Are they then alike ? Prismatic analysis enables us to 
answer the question. It is perfectly impossible to , yon- 
found the spectrum of inedndescent silver vapour with 
that of thalliuiri. Here are twT» green bauds instead 
of one. 
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Adding to the silver in onr camera a bit of thallium, 
we shall obtain the light of both metals, and after 
waiting a little we see that the green of the thallium 
lies midway between the two greens of the silver. 
Hence this similarity of colour. 

But you observe another interesting fact. The 
thallium band is at first far brighter than the silver 
bands. Indeed, the latter have wonderfully degene- 
rated since the bit of thallium was put in, and for a 
reasqn worth knowing. It is the resistance offered 
to the passage of the electric current from carbon to 
carbon that calls forth the power of the current to 
produce heat. If the resistance were materially les- 
sened, the heat would be materially lessened ; and if 
all resistance were abolished, there would be no heat at 
all. Now, thallium is a much more fusible and vapor- 
izable metal than silver ; and its vapour facilitates the 
passage of the current to such a degree as to render 
it almost incompetent to vaporize the more refractory 
silver. But the tliallium is gradually consumed ; its 
vapour diminishes, the resistance rises, until finally you 
see tlic two silver bands as brilliant as they were at first.' 

We have in tiiese bands a perfectly unalterable 
characteristic of these two metals. You never get 
other bands tluin these two green ones from the silver, 
never other than the single gieen band from the thal- 
lium, never oilier than the three green bands from the 
mixture of bojh metals. Every known metal has its 
own particular bands, and in no known case are the 
bands of two different metals alike in refrangibility. 

c 

I 

* This circumstjince ought not to be lost sight of in the examination 
of compound spectra. 
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It follows, therefore, that these spectra ina}^ V)0 made a 
sure test for tlie presence or absence i»f an 3^ particular 
metal. If we pass from the metals to their alloys, we 
find no confusion. Copper ^ives green bands ; zinc gives 
l)lue and red bands; brass, an allo}" of copper and zinc, 
gives the bands of both metals, pcM-fecth- unaltered in 
position or character. 

Hut we are not confined to tlu^ nu'tals theniscdves : Wm 
salts of these metals yield the bands of tlie metrJs. 
Clunnical union is ruptured 1>3^ a sufficiently high Ifcat , 
th(* vapour of the metal is set freeand 3delds its cliai a<*ter- 
istic bands. The cldorides of the metals are partic!darl37' 
suitable for experiments of this cliaracter. Common 
salt, for (‘xainple, is a compound of chlorine and so- 
dium; in the electric lamp it 3d elds the spectrum of 
the metal- sodium. Tlio chlorides of copper, lithium, 
and strontium 3deld in like manner the bands of these 
metals. 

Wlien, therefore, Buus'eu and Kirchhoff,the ecdeljrabul 
founders o{ spedrma os*, after having established 

by an exliaustive examination the spectra of all known 
substances, discoverc^d a spectrum containing l>ands dif- 
ferent from any known liands, they immediat(d3' iiderred 
the existence of a new metal. Tln^y wt'ro operating at 
the time upon a residue obtained b3^ evaporating one of 
the mineral waters of Germany. In that wabu* they knew 
the unknown metal was concealed, hut vast v[iiantities 
of it had to be evaporated before a residu^^ cf.mld be ob- 
tained sufficiently large to enable ordinary chemistry to 
grapple with the metal. The3", however, hunted it down, 
and it now stands among eliemical substances as the m*jial 
Rubidium. They subsequently discovered a second 
metal, which they called Getisium. Tims, having first 

o 
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placed spectrum analysis on a sure foundation, tliey 
demonstrated its capacity as an agent of discovery, 
>Soon afterwards Mr. Crookes, pursuing the same 
method, discovered the briglit green hand of thallium, 
and obtained the salts of the metal whicli yielded it. 
The metal itself was first isolated in ingots by M. 
Lamy, a French cliemist. 

All this rtdates to chemical discovery upon earth, 
where the materials are in our own Jiands, Hut it was 
soon* shown how spectrum analysis might bo applied 
to the inv<\stigatioii of the sun and stars; and this 
residt was reached througli the solution of a ])roblem 
which had be^nilong an enigma to natural philosophers. 
The scope and cuiujuest of this problem we must now 
endeavour to comprelicnd. A spectrum is jmre in which 
the colours do not overlap each otlun*. A\'e })Mrify tlio 
spectrum by making our slit narroNv and by augmtuiting 
tlie number of our prisms. \V1)en a pure spectrum of 
the sun has been ol)taiiied in this way it is found to 
furrowed by innumerable dark lines. Four of them were 
first seen by Dr. Wollaston, but they were afterwards 
multiplied and measured hy h'raunhofer \vith sucli 
masterly skill that tliey are mm universally known as 
Fraunliofer’s lines. To give an explanation of these 
lines was, as I liave said, a problem wliich long clial- 
lenged the attention of philosopliers, and to Kirchhoff, 
Professor of Pliysics in the University of Heidelberg, 
belongs tlie diononr of liaving first con([uered this 
pioblem. 

(The positions of the principal lines, lettered accord- 
ingito Fraunhofer, are shown in tlie annexed sketch 
(fig. 57) of the solar spectrum. A is supposed to stand 
near the extreme red, and J neai* the extreme violet.) 
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The brief memoir of two pages on whieli this im- 
mortal discovery is recorded was communicated to 
the llerliii Academy oii October 27, 1859. Eiti. i>7. 


Fraunhofer liad remarked in tlie spectrum 
of a candle flame two briglit lines which 
coincide accurately as to position with the 
double dark line I) of the solar spectrum. 
These bright liinvs are j>ro(luced with par- 
ticular intensity by the yellow flame derived 
from a mixture of salt and alcohol. They 
are in fact the lines of sodium vapour. 
Kirchhoff prodiu*ed a spectrum by permit- 
ting the siinliglit to enter his tel(.‘scope by 
;i slit and prism, and in front of the slit 
he placed the yellow sodium flame. As 
long the spectrum remained feehk^, there 
always appeared two l)right lines, derivijd 
from the flame, in the place of the two d.ark 
lilacs 1) of the spectrum. In this case such 
absorption as the flame exerted upon the sun- 
ligiit was more than atoned for by the radia- 
tion from the flame. When, however, the 
solar spectrum was rendered suflicicaitly in- 
tense, the bright bands entirely vanished 
and tlie two dark Fraunhofer lines appeared 
with much greater sliarpin^ss and distinct- 
ness than wlien the flame was not ernploj^ed. 

This result, be it noted, was not due to 
any real quenching of tlie bright lines of the 
flame, but ,to the augmentation of the in- 
tensity of the adjacent spectrum. I'lie experi- 



ment proved to demonstration that when the white light 


sent through the flame was sufficiently intense, the 
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quantity which the flame absorbed was far in excess of 
the quantity which it I’adiated. 

Here then is a result of fhe utmost significance. 
Kirchhoff imnuMliately inferred from it that the salt 
flame wliich could intensify so remar kal)ly tlie dark 
lines of Fraunhofer ought also to ho al)le to produce 
them. Tlie spectrum of the I)rummond light is known 
to sliow tlie two bright lines of so(lium, which, luiwover, 
gradually disappear as the modicum of sodium contained, 
as an'impurily, in the incandescent lime is exhausted. 
Kirclihoff formed a spectrum of tlui lime-light, and after 
the two bright line's liad vanished, he placed his salt 
flame in front of tlie slit. Tlie two dark liiu's I) imme- 
diately started forth. Thus in the continuous spinitrum 
of the lime-light he (u oked, artificially, the lines I) of 
Fraunhofer. 

Kirchliott' knew that tliis was an action not peculiar 
to the sodium flame, and lie immediately extended liis 
result to all coloured Haines wliich yield sharply defined 
hands in theu’r spectra. White liglit, with all its eon- 
.stitueiits complete, sent througli such flames, would, he 
inferred, have tliose precise coiistituciits ahsorlxid the 
refrangihilities of wliich are the same as those of the 
bright bands ; so tliat after passing through such flames, 
tlie white liglit, if sufficiently intense, would liave its 
spectrum furrowt d by bands of darkiii'ss. On tlie 
occasion here referred to, Kircbholf also succeeded in 
reversing a Indglit band of lithium. 

The long-standing difficulty of Fraunhofer’s lines fell 
to jiieces in tlie presence of facts and reflections like 
thesfi, which also carried wjth them an immeasurable 
extension of the chemist’s power. Kirchlioif saw tliat 
from the liiU's in their spectra, in so far as they are 



VI. 


SOL.\R CHEMISTRY. 


197 


shown by terrestrial substances, the presence or absence 
of these substances in tlu^ sun and fixed stars might 
be immediately inferred. Thus the dark lines I) in 
the solar spectrum proved the existence of sodium 
vapour in the solar atmosphere ; while tlie bright lines 
discovered by Brewster in a nitre flamt', wliich liad 
been provc?d to coincide exactly with (*(?rtain dark lines 
betw(?on A and B in tlio solar spectrum, proved the 
existence of potassium in the sun. 

All subsequent research verified the accuracy o£ these 
first daring conclusions. In liis second paper, commu- 
nicated to the Berlin Academy before the close of 
Kirchh<.)ff proved the existence of iron in the sun. 
Tlie bright lines of the spectrum of iron vapour are 
oxc(3edingly numerous, and t>5 of tiiem were subse- 
(piently ynovod by KirchhotT to be al)solutely identical 
in position wit h (>5 dark Fraunhofer's lines. Angstrom 
and Tlialen puslunl the coincidences to 450 for iron, 
while according to the same excellent inv<‘s*igators the 
following numbers express tljo eoineideiices in the case 
of tlie respcjctive metals to which the)^^ are attaclied ; — 


Calcium . 


Niekol 

. S3 

IJarium 

. 11 

Cobalt 

. U) 

Magnesium 

4 

Ily»lrog(in 

4 

Mangiineso 

. 57 

Alimii Ilium 

2 

Titanium . 

. 118 

Zinc 

2 

Ohroi Ilium 

. 18 

Copj »(>r 

. 7 


Tile probability is overwhelming that all these suh- 
stances exist in the atmosphere of tJie s^ni. 

Kirchhoff’s discovery profoundly modified the con- 
ceptions previously entertained | regarding the consti- 
tution of the sun, and they led him to a view of#tliat 
constitution which, though it may be modified in detail, 
will, I believe, remain substantially valid to the end of 
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time. The sun consists of a nucleus which is sur- 
rounded by a flaming atmosphere of lower tempera- 
ture. That nucleus may, in -part, bo clouds^ under- 
lying true vapour. The* light of the nucleus would 
give us a continuous spectrum, as our carbon points 
did; l)iit liaving to pass tlirough th(‘ photosphere, 
as our beam tlirough the sodium flame, those rays 
of the nucleus which the photosphere can itself emit 
are absorbed, and shaded lines, corresponding to 
the particular rays absorbed, occur in the spectrum. 
Abolish the solar nucleus, and wo should have a spec- 
trum showing a bright line in the place of every dark 
line of Fraunhofer, just as in the case of KirchholFs 
second experiment we should have the bright sodium 
lines if the lime light were withdrawn. These lines 
of Fraunhofin* are therefore not absolutely dark, but 
dark by an amount (corresponding to the difference 
between the light intercepted and the light emitted by 
the photosphere. 

Almost every great scientific discovery is approached 
contemporaneously by many minds, the fact that one 
mind usually confers upon it the distinctness of demon- 
stration being an illustration not of genius isolated, but 
of genius in advance. Thus Foucault, in 1849, came 
to the verge of Kirclihoff’s discovery, l^y converging 
an image of the sun upon a voltaic arc, and thus ob- 
taining tlie spectra of both sun and arc superposed, 
he found that the two bright lines which, owing to the 
presence of a little sodium impurity in the carbons, or 
in the air, are seen in the spectrum of the ai?c, coincide 
witluthe dark linos I) of the^solar spectrum. The lines 
D he found to be considerably strengthened by the 
passage of the solar light through the voltaic arc. 
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Instead of the image of the sun, he then projected 
upon tlie arc tlie image of one of the solid incande- 
scent carbon points, Wliich of itself would give a 
continuous spectrnin, and he found that the lines 
D were thus (jenerated in that spectruin. Foucault’s 
conclusion from this admirable experiment was 
® that the arc is a medium which emits the rays D 
on its own account, and at the* same time absorbs them 
Avhen they (loine from another (piarter/ Here In' 
stopped. He did not extend his observations beyond 
the voltaic arc ; ho did not offer any explanation of the 
lines of Fraunimfer ; he did not arrive at any conception 
of solar chemistry, or of the constitution of the sun. 
His beautiful experiment remained a germ without, 
fruit, until the discernment, ten years subsequently, of 
the whole class of phenomena to vvliicli it belongs 
enabled Kirch hoff to solve these grc^at })roblems. 

Soon after the puhlication of KirchhofTs discovery 
Professor 8t.okes, who, ten years jirior to tlie discovery, 
had nearly anticipated it, borrowed an illustration from 
sound to show the reciprocity of radiation and absorp- 
tion. A stretched string responds to athial vibra- 
tions wliich synclironiz(i with its own. A great number 
of siicl) strings stretched in space would roughly repre- 
sent a medium ; and if the note common t,o them all 
were sounded at a distance tliey would alisorb the vibra- 
tions corresponding to that note. TJiat is say, they 
would absorb the vibrations wliij:]i they fcan emit. 

When a violin-bow is drawn across this tuning-fork, 
the room ii^ immediately tilled with a musical sound ; 
this may he regarded as ^the radiation or emUmoih 
of sound from the fork. A few days ago, on sound- 
ing this fork, I noticed that when its vibrations were 
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quenched, the sound seemed to be continued, thougli 
more feebly. It appeared, moreover, to come from 
under a distant table, where stood a number of tuning- 
forks of different sizes and rates of vibration. One of 
these, and oik^ only, had been started by the sounding 
fork, and it was one wliose rate, of vibration was the 
same as that of the fork which started it. This is an 
instance of the abtiorpiU^ti of the sound of one fork by 
another. Placing two unisonant forks near each other, 
sweejiing the bow over one of them, and then quench- 
ing the agitafed fork, the other continues to sound ; 
this other can re-excite tlie former, and several tranfers 
of sound b(‘t^^'een tlie two forks can be thus effecte^d. 
l*lacing a cent-piece on each prong of one of the forks, 
we destroy its perfect sjuiehronisin with the otheu*, and 
no communication of souiid from tlie one to the other 
is then possible. 

1 liavc now to bring before) you, on ji suitalde scale, 
the dtunonstration that we can do witli Vi(jM what has 
been here done witli sound. For several days in 18fil 
I endeavoured to accoinjdish tin's with only partial 
success. In iron dislies a mixture of dilute alcohol 
and salt was placed and warmed so as to promote 
vaporization. Tlie vapour was ignited, and through 
the yellow Hame thus produced the lieam from the elec- 
tric lamp was sent ; but a faint darkening only of the 
yellow band of a projected spectrum could be obtained. 
A trough was« tlicn made which, when fed with the salt 
and alcohol, yielded a flame ten feet thick ; but the re- 
sult of sending the light through this depth of flame 
was^ still unsatisfactory. Kemembering that the direct 
combustion of sodium in a Bunsen’s flame, produced a 
yellow far more intense than the salt flame, and inferring 
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that tlie intensity of the colour indicated the copious- 
ness of the incandescent vapour, 1 sent through the 
flame from metallic sodium the beam of the electric 
lamp* The success was complete ; and this experiment 
I wish now to n^poat in your presence.* 

Firstly then you notice, when a fragment of sodium 
is placed in a tin spoon and introduced into a lightless 
Bunsen’s flame, an intensely y^dlow light is produced, 
which corresponds in refrangibility with the yellow 
band of the spectrum. Like our tuning-fork, it emits 
waves of a special period. When thc^ white light from 
the electric lamp is sent through that flame, .you will 
liavc ocular proof that the yellow flame intercepts the 
yellow of the si^ectrurn ; in other words, that it absorbs 
waves of the same period as its own, thus producing 
to all inbiiits and purposes a dark Fraunhofer’s band 
in the place of tlie j^ellow. 

In front of the slit (at L, tig. 58) through which the 
beam issues is placed a Bunsen’s burner (5) protected hy 
a chimney (C). Tfiis beam, after passing through a lens, 
traverses the prism (F) (in tlie real experiment thert^ 
was a pair of them), is tliero decompostul, and forms a 
vivid continuous spectrum (8 S) upon tlie screen. In- 
troducing a tin spoon witli its pellet of sodium into the 
Bunsen’s flame, tlu^ metal first fuses, colours the flame 
intemsely yellow, and at lengtli bursts into violent 
combustion. At the same mommit tlie spectrum is 
furrowed by a dark band (D). Introdifbing and Avith- 
drawing the sodium flame in rapid succession, the 
• 

* TIjo dark l>aiKl produced when tho sodium is placed within tlio 
lamp was ohsorved ou tho same oiUNisimi. Th(‘n was also ohso.rvcd for 
the first time tlie magnificent blue band of lithium which the Bunseirs 
flame fails to bring out. 
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siiflden appearance and disappearance of the band of 
darkness is shown in a most striking manner. In contrast 
witli the adjacent l)rightnoss this band appears absolutely 
black, so vigorous is the absorption. The blackness, 
however, is but relative, for upon the dark space falls 
a portion of the light of the sodium flame. 


►Fio. r)8. 



1 liavc already referred to the experiment of Fou- 
cault ; but other workers also had been engaged on tlie 
borders of this subject before it was taken up by Bunsen 
and KirchhofF. Witli a few modifications here intro- 
duced, I have already spoken in this wisti of the pre- 
cursors of tlie discoveiy of spectrum analysis and solar 
chemistry : — ^ Mr. Talbot had observed the bright 
lines in the spectra of coloured flames, and both he and 
Sir John Hers^liel pointed out the possibility of making 
prismatic analysis a chemical test of exceeding delicacy, 
though not, it would appear, of entircr certainty. 
More than a quarter of a century ago Dr. jNIiller gave 
drawings and descriptions of the spectra of various 
coloured flames. Wheatstone, with his accustomed 
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acuteness, analyzed the light of the electric spark, and 
proved that the metals between which the spark passed 
determined th(^ bright bands in the spcH'drum of the 
spark. In an investigation described by Kirehhoff as 
* classical,’ ^Swau had shown that of a grain of 

sodium in a Jlunsen’s flame could be detected bj’^ its 
spectrum. He also proved the constancy of the bright 
lines in the sp(ictra of hydro-tarboii flames. Masson 
published a prize essay on the bands of the indnetion 
spark ; while Van der Willigen, and more; recently 
Pliicker, have also given ns beautiful drawings of 
spectra obtained from the same source. 

‘But none of these distinguislied men betrayed tlie 
least knowledge of the connection Ixdween tlui bright 
bands of the metals and the dark lines of tlio solar 
spectrum, tior could specirum analysis he said to be 
placed upon anything like a safe foundation prior to 
the researches of Bunsen and Kirehhoff. The mfiii 
who, in a published paper, came nearest to the pluTo- 

o 

Sophy of the subjcict was Angstrom. In that paper 
translated by myself, and pnblislied in tlie “ Pliiloso- 
phical Magazine” for 1855, ho indicates that the rays 
which a body absorbs are precisely those which it can 
emit Avhen rendered luminous. In another place, lie 
speaks of one of his spectra giving tlie general im- 
pression of the reversal of the solar spectrum. But his 
memoir, philosophical as it is, is distinctly iiiarkod by 
tlie uncertainty of Jiis time. Foucault, Thomson, and 
Balfour Stewart liave all been near tlie discovery, while, 
as alr(?ady stated, it was almost hit by tlui acute but 
unpublished conjecture of Stokes.’ t 

Mentally, as well as physically, every year of this 
world’s ageis the outgrowth and offspring of all preceding 
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years. Science proves itself to be a genuine product 
of Nature by growing according to this law. We have 
no solution of continuity here. All great discoveries 
are duly prepared for in two ways : first, by other dis- 
coveries wiiicli forra their prelude ; and, secondly, by the 
sliarpening of the enquiring intellect. Thus Ptolemy 
grew out of Hipparchus, Copernicus out of both, Kepler 
out of all tliriM.^, and Newton out of all the four. New- 
ton did not rise suddenly from the sea-level of the 
intellect to his amazing tdevation. At the time that 
he appeared, the table-land of knowledge was already 
high. He juts, it is true, above tlie table-land, as a 
massive peak; still he is supported by it, and a gr(^at 
part of his absolide height is the heiglit of humanity 
in his time. It is thus with the discovcnaes of Kirch- 
hoff. Much had boon prt^viously accomydislied ; this 
ho mastered, and then by the force of individual genius 
went beyond it. He replaced uncertiainty by certainty, 
vagucaiess l)y deftnitcmess, confusion by order; and I 
(lo not think that Newton has a sunn* claim to the 
discoveries tliat have made his name immortal, than 
Kirclihoff lias to the credit of gathering up the frag- 
mentary knowledge of his time, of vastly extending it, 
and of infusing into it the life of great principles. 

With one additional point we will wind up our 
illustrations of the principles of solar chemistry. 
Owing to the scattering of light hj matter floating 
mecliaiiically ,.iii tlie earth’s atinospJjere, the sun is 
seen not sharply defined, but surrounded by a lumi- 
nous glare. Now, a loud noise will drown a whisper, 
an intense liglit will quench a feeble one, and so this 
circumsolar glare prevents lis from seeing iriany striking 
appearances round the border of the sun. The glare is 
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abolished in total eclipses, when tlie moon comes ])etween 
the earth and tl)o sun, and there nre then seen a series of 
rose-coloured protubornnces stroteliing sometimes tens 
of thousands of miles beyond the dark edge of the moon. 
Tli(?y are described by Vassenius in the ^ Pliilosophical 
Transa(ftions ’ for 1733; and wore prol)ab]y observed 
even earlier than this. In 1842 they attracted 
great attcmtion, and were tla*n (‘ompared to Alpine 
snow-peaks reddened by the evening sun. Tliat 
these 23rominences art' flaming gas, and principally 
Ijydrogen gas, was proved by Mr. Janssen during 
an eclipse observed in India, on tlie 18tli of August 
18()8. 

Hut the prominences may be render(‘d \'isi])le in full 
sunsliine; and for a reason easily untlerstood. You 
have seen in these lectures a singhi prism employed 
to produce a spt'ictrurn, and you liavt^ setm a. pair of 
2 :)risins emydoyed. In the latter case, th(^ dispersed 
wJiite light, being diffused o\X‘r about twice tlio area, 
Jiad all its colours proportiouately diluted, ^"ou hav.t* 
also sotm one prism and a pair of prisms ein})lt>y(^d to 
produce the bands of incandescent vapours; but here 
the light of each l)aiid, being absolutely mont)chrouiati(j, 
was incai)ablo of further dispersion by tlie second ])risrri, 
and could not therefore be weakened l»y such disptn’sion. 

Apjdy iln^se considerations to the circumsolar region. 
The glare of white liglit round the sun can b * dispeu'sed 
and w(viken(^d to any extent by augmenting tlie number 
of jirisms, while a monochromatic light, mixed with 
this glare, masked by it, would retain its intensity 
unenfeebled by dispersion. Upon this consideriij:ion 
has been founded a metho(f of observation, apjdied in- 
dependently by M. Janssen in India and b37]\Ir. Ivockyer 
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in Eiigiand, by whicli the monochromatic bands of the 
prominences are caused to obtain the mastery, and to 
appear in broad daylight. 

It would lead us far beyond the object of these lectures 
to dwell upon the numerous interesting and important 
results obtained by KSecchi, Kespighi, Young, and the 
other distiriguislied men who have worked at the 
chemistiy of tlie sun and its apy)endages. Nor can 
1 do more at present than make a passing reference 
to the excellent labours of Dr. lliiggins in connexion 
with the tixed stars, nebukc, and comets. They, more 
than any others, illustrate the literal truth of the 
statement, that the establishment of spectrum analysis 
and the explanation of hVaunhoftn'’s lines, carried with 
them an imnieasurable extension of the chemist’s 
rangot Jliit my olyeet liere is to make principles plain, 
rather tlian to follow out the details of their illustration. 
Tliis latter woidd bo a task reqi bring only time for its 
execution, but requiring more of it than I liave now at 
my command. 
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My desire in tiiese lectures has l^een to show you, witli ns 
little breach of coiit inuit^y as possible, something* of tlie 
past growth and jneseiit aspect of adepartuient of science, 
in whieli l]ave laboured some of tlie ^uH^aiest intellects 
the world has ever seen. My friend Professor Henry, 
in introducing me at ^Yashiugton, spoke of me as an 
apostle ; lait tlie only apostolat(j tliat I intended to 
fulfil was to place, in plain words, my subject before 
you, and to permit its own intrinsic*, attractions to act 
upon your minds. I have sought to confer upon 
each experiment a distinct intellectual vahuj, for 
experiments ought to be the rt*presentatives and 
expositors of tliought — a language ad(lressc‘d to tiie 
(‘ye as spoken words are to the ear. In association 
with its context, notliing is more impressive or instruc- 
tive* tliaii a lit experiment; but, apart from its context, 
it rath(U- suits the conjuror’s purpose of surprise than 
that i)urpose of education which ouglit to l)e the ruling 
motive of the scientific man. 

And now a brief summary of our work will not be 
out of place. Our present mastery over^ the laws and 
phenomena of light has its origin in the desire of man 
to knoiv. We liave seen the ancients busy with this 
problem, but, like a child who uses his arms aimlessly 
for want of the necessary ’Muscular exercise, so ttese 
early men speculated vaguely and confusedly regarding 
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light, not having as yet the discipline needed to give 
clearness to their insight, and firmness to tbejjr ^asp 
of principles. They assured themselves of the rectili* 
neal propagation of light, and that the angle of inci- 
dence was equal to thc‘ angle of reflection. J\)r more 
than a thousand yeai's — 1 might say, indeed, for more 
than fiftecm hundred years subsequently — the scientific 
intellect appeals as if smitten with paralysis, tlio fact 
being that, during this time, Ihe mental force, which 
might have run in the direction of science, was diverted 
into other directions. 

The course of in\'estigation as regards light was 
resumed in 1100 by an Arabian philosopher named 
Alliazan. IMien it was taken up in succossfo^^y lioger 
Ilacon, Vitellio, and Kepler, 'riiese men, though fail- 
ing to detect the principle which ruled th(} facts, kept 
tlie tiro of investigation constantly burning. Then 
came the fundamental discovery of Snell, that corner- 
stone of optics, as I liave already called it, and imme- 
diately afterwards we liave the application by Descartes 
of Snell’s discovery 10 tb<^ explanation of the rainbow. 
Following this we liave the overthrow, by I^oem(^r, of 
the notion of D('scartes tliat ligiit was transmitted 
instantaneously through space. Then came Kewton’s 
crowning exjieriments on the analysis and syntliesis of 
white light, by which it was proved to be compounded 
of various kinds of liglit of diflerent degrees of re- 
frangibility. , 

Up to liis demonstration of the compositidti of white 
liglit, Newton had been e\'erywhere triumphant— 
triupiphant in the heavens, triumphant on tlie eart^ji 
and his subsequent experimbntal work is for the most 
part of immortal value. But infallibility is not the 
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gift of man, and, soon after his discovery of tlie nature 
of ^hite light, Newton proved liirnself human. He 
supposed that refraction and dispersion went liand in 
hand, and that you could not abolish tlie one without 
at the* same time abolishing* the other. Here Holland 
corrected him. 

But Newton committed a graver error than tliis. 
Science, as I souglit to mal;e clear to you in our 
second lecture, is only in part a thing of tlie semses. 
The roots of phenomena are embedded in a rsjgion 
beyond tlie reach of the senses, and less than the root 
of the matter will never satisfy the scientilic mind. 
We find, accordingly, in this career of optics the great- 
est minds ^Shstantly yearning to lireak tlie, liounds of 
the senses, and to trace phenomena to tlioir subsensible 
foundations. Thus impelled they entered tlie region of 
tlieory,and here Nenvton. though drawn from time to time 
towards the truth, was drawn still more strongly towards 
the error, and made it his substantial clioice. . His ex- 
periments are imperishable, lint bis theory has passed 
away. P^or a century it stood like a dam across the 
course of discovery; but, like all barriers that rest upon 
authority, and not upon truth, the pressure from behind 
increased, and eventually swept the liarrier away. This, 
as you know, Avas done mainly through tlie labours of 
Thomas Young, and his illustrioiis P''reiicli fellow- 
worker lYesnel. 

In 1808 Malus, looking through Icv^land spar at 
the .sun reflected from the window of the Luxembourg 
,3Palace in Paris, discovered the polarization of light 

reflection. In 1811 Arago discovered the spleivlid 
chromatic phenomena whicli we have had illustrated 
1d^ plates of gypsum in polarized light; he also dis- 

p 
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covered the rotation of the plane of polarization by 
quartz-crystals. In 1813 Soel)eck discovered the polar- 
ization of light by tourmaline. That same year Brew- 
ster discovered those magnificent bands of colour that 
surround the axes of biaxal crystals. In 1814 Wol- 
laston discovered the rings of Iceland spar. All these 
effects, which witlioiit a theoretic clue would leav(3 the 
liuman mind in a jungle of pheiiomona witlioiit har- 
mony or relation, were organically connected by the 
theory of undulation. 

'Uhe theory was applied and verified in all direc- 
tions, Aiiy being cs»pecially conspicuous for the severity 
and conclusiveness of liis proofs. Tlu^ most remark- 
aide verification fell to the lot of the late Sir William 
Hamilton, of Dublin, wlio, taking up the theory 
where Fresnel had left it, arrived at the coiiclusiou 
that at four special poiiibs at the surface of the 
ether- wave in double-refracting crystals tlie ray was 
divided not into two jiarts, but into an infinite 
number of parts; forming at these points a con- 
tinuous conical envelope instead of two images, Xo 
human eye liad ever seen this envelope wlien Sir 
William Hamilton inferred its existence. He asked 
Dr. Lloyd to test experimentally the truth of his 
theoretic conclusion. Lloyd, taking a crystal of arra- 
gonite, and following with tlie most scrupulous exact- 
ness the indications of theory, cutting tlie crystal where 
theory said it ought to be cut, observing it Avhere 
theory said it ought to be observed, discovered the 
luminous envelope which had previously been a mere 
ideji in the mind of the mathematician. 

Nevertheless this great* theory of undulation, like 
many another truth, which in the long run has proved 
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a blessing to humanity, had to establisli, by hot con- 
flict, its right to existence. Great names were arrayed 
against it. It had been enunciated by Hooke, it had 
been applied by Huyghens, it had been defended by 
Euler. But they made no impression. And, indeed, 
the theory in their hands was more an analogy than a 
demonstration. It first took the form of a demon- 
strated verity in the hands pf Thomas Young. He 
brought the waves of light to bear ii])on each other, 
causing them to sujDport each otlier, and to extinguish 
each other at will. From their mutual actions lie de- 
termined their lengths, and applied his determinations 
in all directions. He showed that the standing diffi- 
culty of polarization might bo embraced by the theory. 

After liim came Frc'snel, whose transcc^ndcait mathe- 
matical abilities enabled liim to give the theory a 
generality unattained by Young. Ho grasped tJm 
theory in its entirety; followed the ether into the hearts 
of crystals of the most complicated structure, and into 
bodies subjected to strain and pn*ssiire. Ho showed 
that tlie facts discovered by Mai us, Arago, Brewster, 
and Biot werci so many ganglia, so to speak, of his 
theoretic organism, deriving from it sustenance and 
explanation. With a mind too strong for the body* 
with which it was associated, that body became a wreck 
long before it had become old, and Fresnel died, leav- 
ing, liowevev, l)ehind him a name immortal in the 
annals of science?. # 

One woi"d more I sliould like to say regarding Fres- 
nel. There are things, ladies and gentlemen, better 
even than science. Character is higher than Iiitellpct, 
but it is especially pleasant* to those who wish to think 
well of human nature when higli intellect and upright 
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character are combined. They were, I believe, com* 
bined in this young Frencliinan. In those hot conflicts 
of tlie undulatory theory, he stood forth as a man of 
integrity, claiming no more than his riglit, and ready 
to concede their rights to otliers. Ho at once recog- 
nized and acknowledged the merits of Tliomas Young. 
Indeed, it was he, and his fellow-(rountryman Arago, 
who first startled England into the consciousness of the 
injustice done to Young in tlio tldhihv.rgh llevievj. 

‘ I «hoidd like to read you a brief extract from a 
letter written by Fresnel to Young in 1824, as it 
throws a pleasant light upon tlie character of the 
French philosopher. ^ For a long time,’ says Fresnel, 
* that sensibility, or that vanity, which people call love 
of glory has been mucli blunted in me. I labour 
mucli less to catch the suffrages of the public than to 
obtain that inward approval wliich has always been the 
sweetest reward of my efforts. Without doubt, in 
moments of disgust and <liscouragcment, I have often 
needed the spur of vanity to excite me to pursue my 
researches. But all the compliments I have received 
from Arago, I)e la Place, and Biot never gave me so 
much pleasure as the discovery of a theoretic truth, or 
the confirmation of a calculation by experiment.’ 

This, ladies and gentlemen, is the core of the whole 
matter as regards science. It must be cultivated for 
its own sake, for the pure love of truth, rather than for 
the applause or profit that it brings. And now iny 
occupation in America is well-nigh gone. Still I will 
bespeak your tolerance for a few concluding remarks in 
reference to the men who have bequeathed to us the 
vast body of knowledge of which I have sought to give 
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you some faint idea in tliese lectures. Wliat was the 
motive tliat spma-ed them on ? What urg'ed them to 
those battles and those victories over reticent Nature 
which liave became the heritage of the human race ? 
It is never to be forgotten that not one of those great 
investigators, from Aristotle down to Stokes and 
KirchhofF, had any practical end in view, according to 
the ordinary definition of the word practical.’ They 
did not propose to themselves money as an end, and 
knowledge as a means of obtaining it. For the *most 
part, they nobly reversed this process, made knowledge 
their end, and such money as they possessed the means 
of obtaining it. 

We may seti to-day the issues of their work in a 
thousand |)ractical forms, and this may be thought 
sufficient to justify, if not ennoble their efforts. But 
they did not work for such issues ; their reward was of a 
totally different kind. In what way different ? We love 
clothes, we love luxuries, we love fine equipages, we love 
money, and any man who can point to these as the re- 
sult of his efforts in life justifies these result s l)eforo all 
the world. In America and England more especially ho 
is a ‘practicar man. But I would appeal confidently to 
this assembly wlietlier such things exhaust the deinauds 
of human nature ? The very presence here for six 
inclement niglits of this audience, embodying so mucli 
of the mental force and refinement of this great city, 
is an answer to my (question. I need not tell sucli an 
assembly tluit tljere are joys of the intellect as well as 
joys of the’body, or that these pleasures of the spirit 
constituted the reward of our great investigators. *Led 
on by the whisperings of natural truth, through pain 
and self-denial, they often pursued their work. With 
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the ruling passion strong in death, some of them, when 
no longer able to hold a pen, dictated to their friends 
the results of their laboiurs, and then rested from them 
for ever. 

Could we have seen these men at work without any 
knowledge of the consequences of their work, what 
should we have thought of them ? To the uninitiated, 
in their day, they might often appear as big children 
playing with soap-bubbles and otlier trifles. It is 
so to this hour. Could you watch the true inves- 
tigator— your Henry or your Draper, for example — in 
his laboratoiy, unless animated by his spirit, you could 
hardly understand what keeps him there. Many of 
the objects which rivet his attention might appear to 
you utterly trivial; and, if you wore to ask him 
what is the itse of his work, the chances arc that 
you would confound him. Ho might not be able 
to express the use of it in intelligible terms. Ho 
might not be aide to assure you that it will put a 
dollar into tlie pocket of any human being living or to 
come. Tliat scientific discovery may put not only 
dollars into tlio pockets of individuals, but millions 
into the excliequers of nations, the liistory of science 
amply provc^s ; but the lioi^e of its doing so never was 
and never can be the motive power of the investigator. 

I know that I run some risk in speaking thus before 
practical men. I know wliat Do Tocquoville says of 
you. ‘ The man of tlio North,’ he says, ‘ has not only 
experience, but knowledge. He, however, does not 
care for science as a pleasure, and only embraces it 
with avidity wlien it leads to useful applications.’ But 
what, I would ask, are the hopes of usefid applications’ 
which have caused 5^11 so many times to fill this place 
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ill spite of snow-drifts and biting^ cold ? What, I may 
ask, is the origin of that kindness which drew mo from 
my work in London to address you here, and whicli, if 
I permitted it, would send me liome a millionaire? Not 
because I had taught you to make a single cent by 
science am I Iiere to-niglit, but becausij I tried to the 
best of my ability to iirescnt science to the world as an 
intellectual good. Surely no 'two terms wen* ever so 
distorted and misapplied with reference to rrian in his 
higher relations as tliose terms useful and practical. 
Let us expand their detinitions until lluy embrace all 
the needs of man, bis highest int(dlectual needs inclu- 
sive. It is specially on this ground of its adminis- 
tering to tlie higher needs of tlic intidlect ; it is mainly 
because I believe it to bo wholesojru*, hoMi as a source 
of knowledge? and as a means of (lisci|»iine, tliat 1 urge 
the claims of science upon your atteni iuh. 

But with reference to material needs and joys, surely 
pure science lias also a word to say. ]Y*ople sometimes 
speak as if steam had not been studied before James 
Watt, or elc‘ctricity before WheaUtone and Morse; 
whereas, in point of fact. Watt and Wheatstone and 
Morse, with all their practicality, Vvore tlie mere out- 
come of antecedent forces, which acted witliout refer- 
ence to practical ends. This also, I think, merits a 
moment’s attention. You are delighted, and with good 
reason, with your electric telegraphs, proud of your 
steam-engines and your factories, and* diarmed with 
tlie productions of pliotography. You see daily, with 
just elatio'A, the creation of new forms of industry — 
new i^owers of adding to.tlic wealth and comfort of 
society. Industrial England is heaving with forces 
tending to this end, and the pulse of industry beats 
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still stronger in tlie United States. And yet, when 
analyzed, what are industrial America and industrial 
England? r 

If you can tolemte freedom of speech on my part, 
I will answer this question by an illustration. Strip 
a strong arm, and regard the knotted muscles when 
the liand is clenched and the arm bent. Is this 
exhibition of energy the work of the mnscle alone? 
By no means. Tlio muscle is the channel of an influ- 
ence, Vitliout whicli it would be as powerless as a lump 
of plastic dough. It is the delicatcs unseen nerve that 
unlocks the power of the muscle. And witlioiit those 
filarntmts of genius which liave been shot like nerves 
througli the body of society by the original discoverer, 
industrial America and industrial England would be 
very mucli in tlie condition of tluit plastic dough. 

At the present time there is a cry in England for 
toclinical education, and it is a cry in which the most 
commonplace intellect can join, its necessity is so 
obvious. But tliero is no cry for original investi- 
gation. Still without this, us surely as the stream 
dwindles when the spring dies, so surely will ^ technical 
education ’ lose all force of growth, all power of repro- 
duction. Our gr(‘at investigators have given us 
sufficient work for a time ; but if their spirit die out^ 
we shall find ourselves eventually in the condition of 
those Chinese mentioned by l)e Toctpieville, whoj 
having forgottfen the scientific origin of wdiat they 
did, were at length compelled to copy without varia- 
tion the inventions of an ancestry who, rdser than 
themselves, had drawn thei^* inspiration direct from 
Nature. 

Both England and America have reason to bear those 
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tilings in mind, for the largeness and nearness of ma- 
terial results are only too likely to cause both countries 
to forgot the small spiritual beginnings of sucli results 
in the mind of the scientific discoverer. You mul- 
tiply, but he creates. And if you starve him, or other- 
wise kill Ixim — nay, if you fail to secure for him free 
scope and encouragement — you not only lose the mo- 
tive power of intellectual progress, but infallibly sever 
yourselves from the springs of industrial life. 

What has been said of technical operations •holds 
equally good for education, for here also the original 
investigator constitutes the fountain-head of know- 
ledge. It belongs to tlie teacher to give lliis knowledge 
the requisite form ; an honourable and often a difficult 
task. But it is a task which receives its final sanctifica- 
tion when the teaclier liimself honestly tries to add a 
rill to the great stream of scientific discovery. Indeed, 
it may be doubted whctJier the real life of science can 
be fully felt and communicated by the man who lias not 
himself been tauglit by direct communion witli Nature. 
We may, it is true, have good and instructive lectures 
from men of ability, the whole of wliose knowledge is 
second-hand, just as we may liave good and instructive 
sermons from intellectually able and unregenerate men. 
But for that power of science which corresponds to 
what the Puritan fathers would call experimental re- 
ligion in the lieart, you must ascend to Uio original 
investigator. • 

To keep society as regards science in healthy play, 
three clasat's of workers are necessary : Firstly, the in- 
vestigator of natural trutlj, whose vocation it is to pur- 
sue that truth, and extend the field of discoveiy for the 
truth’s own sake, and without reference to jiractical 
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ends. Secondly, the teacher of natural truth, whoso 
vocation it is to give public diffusion to the knowledge 
already won by the discoverer. Thirdly, the applier of 
natural truth, wliose vocation it is to make scientific 
knowledge available for tlie needs, comforts, and luxu- 
ries of life. These tliree classes ought to co-exist and 
interact. Now, the popular notion of science, both in 
this country and in England, often relates not to 
science strictly so called, but to the applications of 
science. Such applications, especially on this continent, 
arc so astounding — they spread themselves so largely 
and umbrageously before the j)ublic eye — as to shut 
out from view those workers who are engaged in the 
quieter and profounder business of original investiga- 
tion. 

Take the electric telegraph as an exainp)le, which 
has been repeatedly forcM^d upon iny attention of late. 
I am not here to attenuate in the slightest degree the 
services of those who, in England and America, ]vd\o 
given the telegraph a form so wonderfully fitted for 
public use. They earned a great reward, and assuredly 
they have received it. But I should be untrue to you 
and to myself if I. failed to tell you tliat, however high 
in particular resjiects their claims and qualities may 
be, your practical rncm did not discover the electric 
telegraph. The discovery of the electric telegraph 
implies tlie discovery of electricity itself, and the 
development of its laws and phenomena. Such dis- 
coveries are not made by practical men, and they never 
will be made by them, because their mindav are beset 
by ideas which, though of the highest value from one 
point of view, are not those which stimulate the original 
discoverer. 
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The ancients discovered the electricity of amber ; and 
Gilbert, in the 3"ear 1600, extended the discovery to 
other bodies. Then followed other inquirers, your own 
Franklin among the number. But this form of 
electricity, though tried, did not come into use for 
telegraphic purposes. Then appeared the great Italinu 
Volhi, who discovered the source of electricity which 
boars his name, and applied the most profound insight 
and the most delicate experimental skill to its develop- 
ment. Thi*n arose the man wlio added to the powers 
of his intellect all tluj graet‘S of the human lu.*art, 
Michael Fai'aday, the discoverer of the great domain of 
magneto-electricity. (Ersted discovered the deiloctioii 
of tlic magnetic needle, and Arago and Sturgeon the 
magnetization of iron by the electric cun'ent. The 
voltaic circuit finall}^ found its theoretic Newton in 
Ohm, wliile Hour}’’, of Princeton, wlio had the sagacity 
to recognize the merits of Ohm while they were still 
decried in his own country, was at this time in the van 
of cxpei imental inquiiy. 

In the works of these hien you have all th(j materials 
employed at this liour in all the forms of the electric 
telegraph. Nay, more; Gauss, tlie celebrated astrono- 
mer, and Weber, tlie celebrated natural pbilosoplier, 
both professors iu the University of Gottingen, wisliing 
to establish a rapid mode of communication between 
the observatory and tlie physical cabinet of the uni- 
versity, did this by means of an eldbtric telegraph. 
Thus, before your practical men appeared upon tlie 
scene, the •force had been discovered, its laws investi- 
gated and made sure, the^ost complete mastery »:)f its 
phenomena had been attained — nay, its applicability to 
telegraphic i>urposes demonstrated — by men whose sole 
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reward for their labours was the noble excitement of 
research and the joy attendant on the discovery of 
natural truth. 

Are we to ignore; all this? We do so at our peril* 
For I say again tliat, behind all our prae'tical appli- 
cations, there is a region of intellectual action to which 
practical ineii have raredy contributed, but from which 
tlioy draw all their supplies. Cut tliem off from this 
region, and they become eventually helpless. In no case 
is thor' adage truer, ‘ Other men laboured, but ye arc 
entered into their la})Ours,’ than in the case of the dis- 
coverer and applier of natural truth. But now a word 
on tlie other side. Wliile I say that practical men are 
not tlu; men to make the necessary antecedent dis- 
coveries, the cases are rare in wdiich the discoverer 
knows liow to turn his laboiu’s to practical account. 
Different (Qualities of mind and different habits of 
thought are necided in the two cases ; and while I wish 
to give emphatic utterance to the claims of those whose 
position, owing to the simple fact of their intellectual 
elevation, is often misunderstood, I am not liere to 
exalt th(^ one class of wxu'kers at the expense of the 
other. Tlioy are the necessary complements of each 
other. But remember that one class is sure to be taken 
car(3 of. All the material rewards of society are already 
Avitliin their reach, Avhilo that same society liabitually 
ascribes to them intellectual achievements which wore 
never theirs. This cannot but act to the detriment of 
those profoimder studies out of which, not only our 
knowledge of nature, but our present industrial arts 
tlienw^elves have sprung, an{l from which the rising 
genius of the country is incessantly tempted away* 
Pasteur, one of the most eminent meml)ers of the 
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Institute of 1^" ranee, in accounting for tlio disastrous 
overthrow of his country and tlie predominance of 
Germany in the late war, expresses himself thus : ‘ Fcav 
persons comprehend the real origin of the marvels of 
industry and the wealtli-of nations. I need no further 
proof of tins than tlie ciniiloyment more and }nore fre- 
quent in otficial language, and in writing of all sorts, 
of the erroneous exi)ression. apjjlied t^clence. Tlio 
abnndonuKUit of scientific careers by men capable of 
pursuing them with distinction was recently deplored 
in tlie presence of a minister of the greatest talent. 
This statesman endeavoured to show that w(‘ ought not 
to be surprised at this result, because in our day Ike 
reiyn of iheorellc science^ yielded place to that of ap-- 
plied science. Nothing could be more erroneous tliau 
this opinion, nothing, I venture to say, more (langeroiis, 
even to practical life,tlian tlie conse(pu3ncos vvliich might 
flow from these words. They have rested on my mind 
as a proof of tJ )0 imperious necessity of reform in orii* 
superior education. There exists no eatc^gory of tln3 
sciences to which tlie name of applied science could 
rightly bo given. We have science^ and the appli- 
cations of seiencCy which are united togethei' ?is tlio 
tree and its fruit.’ 

And Cuvier, tlie great Comparative anatomist, writes 
tluis upon the same theme : ‘ These grand practical 
innovations are the mere applications of truths of a 
higher order, not sought witli a practical intent, but 
which were pursued for tlieir own sake, and solely 
through an ardour for knowledge. Those who appl ied 
them coulc^ not have discovered them ; those wl)o dis- 
covered them liad no inclination to pursue them to a 
practical end. Engaged in the high regions whither 
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tlieir tbouglits had carried them, they hardly perceived 
tliese practical issues, though born of tlieir own deeds. 
These rising workshops, these peopled colonies, those 
ships which furrow the seas — this abundance, this 
luxury, this tumult — all tfeis comes from discoverers in 
science, and it all remains strange to tliem. At the 
point where science merges into practice they abandon 
it; it concerns them no iporc.’ 

When the Pilgrim Fathers landed at Plymouth 
Pock, and when Penn made his treaty wdtli the Indians, 
the new-comers had to build their houses, to chasten 
the earth into cultivation, and to take care of their 
souls. In such a community science, in its more ab- 
stract forms, was not to be thouglit of. And at the 
present hour, when yovir hardy Western pioneers stand 
face to face with stubhorn Nature, piercing tlio moun- 
tains and subduing the forest and the prairie, tlie pur- 
suit of science for its own sake is not to be expected. 
The iirst need of man is food and shelter ; hut a vast, 
portion of this continent is already raised far beyond 
tliis need. The gentlemen of Xe^v York, Brooklyn, 
Boston, Phihidelpliia, Baltimore, juid Washington liave 
already built their liouses, and very beautiful they are ; 
they have also secured their dinners, to tke excellence 
of which I can also bear testimony. Tliey have, in 
fiict, reached that precise condition of well-being and 
independence when a culture, as higli as humanity has 
yet reached, Tn,ay he justly demanded at tlieir hands. 
Thc}^ have reached that maturity, as possessors of 
wealth and leisure, when tlie investigator of natural 
trutli^ for the truth’s own sake, ought to find among 
them promoters and protectoVs. 

Among the many problems before them they have 
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this to solve, whether a republic is able to foster the 
highest forms of genius. You are familiar with the 
writings of I)e Tocquevilh?, anti must be aware of 
the intense sympathy which he felt for your institu- 
tions ; and tliis sympathy is all the more valuable from 
the philosoplue candour with whiclr he points out not 
only your merits, but your defects and dangers. Now 
if I come here to speak of science in America in a 
critical and captious spirit, an invisible radiation from 
my words and manner will enable you to find rqe out, 
and will guide your treatment of me to-night. But if 
I in no unfriendly spirit — in a spirit, indeed, the re- 
verse of unfriendly — venture to repeat before you wliat 
tliis great historian and analyst of democratic institu- 
tions said of Amerioa, I am persuaded that you will 
hear me out. He wrote some three-and-twenty years 
ago, and perhaps would not write tlio same to-day ; 
but it will ilo nobody any liarm to have liis words 
rejioatod, and, if necessary, laid to lieart. 

In a work publislicd in 1850, De Tocrpieville says : ‘It 
must be confessed that, among tliecivilized peoples of our 
age, there are fewinwhich the highest sciences havemade 
so little progress as in the United States.’ * He declares 
his conviction that, had you been alone in the rmiverse, 
you would speedily liave discovered that you cannot long 
make progress in jiractical science without cultivating 
theoretic science at the same time. But, according to 
De Tocqueville, you are not thus alone* He refuses to 
separate America from its ancestral home ; and it is 

* *Il faiit ]j;econnaitro quo parini los pouplcs civilise.s do uos Jours il 
en est pon chezqiii les liaiites Fciouces aient iiiitmoin.s de progrrs^quaux 
Etats-Unis, oil qui aient fouvni moins d(‘ graiuls artistes, de pootos illus- 
' tres et do culebres ccrivains/ (De la Democratio eu Amuriqiio, etc., 

tome ii. p. 36.) 



224 


ON LIGHT. 


here, he contends, that you collect the treasures of the 
intellect, without taking the trouhle to create them. 

De Tocqueville evidently doubts the capacity of a 
democracy to foster genius as it was tV>stered in the 
ancient aristocracies. ^Tlie future,’ he says, ^will 
prove whether the passion for profound knowledge, so 
rare and so fruitful, can be born and developed so 
readily in democratic so<;ieties as in aristocracic^s. As 
for me,’ ho continues, ^ I can hardly boliovo it.’ ife 
speaks of tlie unquiet ftwcrislnicss of democratic com- 
munities, not in times of groat oxcitement, for such 
times may give an extraordinary impetus to ideas, 
but in times of peace. There is then, lie says, ^ a small 
and uncomfortalih? agitation, a sort of incessant attri- 
tion of man against man, which k*oiibles and distracts 
the mind witliout imparting to it cither loftiness or 
animation.’ It rests with you to prove whether these 
things are necessarily so — whether the highest scientific 
genius cannot find in the midst of you a tranquil home. 

I slioidd he loth to gainsay so keen an observer and 
so profound a political writer, but, since my^ arrival in 
tin's country, I liave l)cen unabh? to see anytliing in 
the constitution of society to prevent a student with 
the root of tlic matter in him from ])c.stowing the most 
steadfast devotion on pure science. If groat scientific 
results are not achieved in America, it is not to the small 
agitations of society tliat I should be disposed to ascribe 
the defect, but^to the fiict that the men among you who 
possess the endowments necessary for profound scientific 
inquiry are laden with duties of administration or tuition 
so heavy as i >o he utterly incompatible with tlie continu- 
ous and tranquil meditation w^iich original investigation 
demands. It may well be asked whether Henry would 
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have been transformed into an administrator, or whether 
Draper would have forsaken science to write history, 
if the original investigator had been honoured as he 
ought to be in this land. I hardly think they would. 
Still I do not imagine this state of things likely to last. 
In America there is a willingness on the part of indi- 
viduals to devote their fortunes in the matter of educa-' 
tion to the service of the commonwealth, which is pro- 
bably without a parallel elsewhere ; and this willingness 
requires but wise direction to enable you effectually to 
wipe away the reproach of De Tocqueville. 

Your most difficult problem will bo not to build 
institutions, but to discover men. You may erect 
laboratories and endow them ; you may furnish them 
with all the appliances needed for enquiry ; in so do- 
ing you are but creating opportunity for the exercise 
of powers which come from sources entirely beyond your 
reach. You cannot create genius by bidding for it. In 
biblical language, it is the gift of God; and the most 
you could do, were your wealth, and your willingness to 
apply it, a million-fold what they are, would be to 
make sure that this glorious plant shall have the free-: 
dom, light, and warmth, necessary for its development. 
We see from time to time a noble tree dragged down 
by parasitic runners. These the gardener can remove, 
thougli the vital force of the tree itself may lie beyond 
him ; and so, in many a case, you men of wealth can 
liberate genius from the hampering Uih which the 
struggle for existence often casts around it. 

Drawn by your kindness, I have come here to give 
these lectures, and now that my visit to America has 
become almost a thing of the past, I look back upon 
it as a memory without a single stain. No lecturer was 

Q 
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ever rewarded as I have been. From this vantage 
ground, however, let me remind you that the work of 
the lecturer is not the highest work ; that in science 
the lecturer is usually the distributor of intellectual 
wealth amassed by better men. And though lecturing 
and teaching, in moderation, will in general promote 
their moral health, it is not solely, or even chiefly, as 
lecturers, but as investigators, that your highest men 
ought to be employed. You have scientific genius 
amorigst you — ^not sown broadcast, believe me, it is so^vn 
thus nowhere — but still scattered here and there. 
Take all unnecessary impediments out of its way. 
Keep your sympathetic eye upon the originator of 
knowledge. Give him the freedom necessaiy for his 
researches, not overloading him either with the duties 
of tuition or of administration, not demanding from 
him so-called practical results — above all things, 
avoiding that question which ignorance so often ad- 
dresses to genius, ^What is the use of your work?’ 
Let him make truth his object, however unpractical 
for the time being that truth may appear. If you 
cast your bread thus upon the waters, then be assured 
it will return to you, though it may be after many days. 
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LOED BEOUGHAM’S AETICLES ON DE. THOMAS 
YOUNO IN THE ‘EDINBUEOH ESIVIEW.’ 

In Lecture II. of the foregoing series, the attacks of the 
Edinburgh Eeviewers on the scientific labours of 
Dr. Young are briefly referred to. The spirit of these 
attacks will bo understood from the extracts given below. 
They had, it is to be feared, a very damaging effect, 
both upon Young’s reputation, and upon his scientific 
activity. Tlie first of them, published in No. II. of the 
Eeviow, was levelled at Young’s memoir on the Theory 
of Light and Colours, which had been chosen by the 
Eoyal Society as the Bakerian Lecture for 1801 . 

^ As this paper,’ says the Iloviewer, ^contains nothing which de- 
serves the name, cither of experimenter discovery, and as it is in fact 
destitute of every species of merit, wo should have allowed it to pass 
among the multitude of those articles which must always find admit- 
tance into the collections of a Society which isjpledged to publish 
two or three volumes every year. l*he dignities of tho author, and 
the title of Bakerian Lecture, which is prefixed to these lucubra- 
tions, should not have saved them from a place in the ignoble 
crowd. Bu> we have of late observed in the physical world a 
most unaecountable predilection for vague hypothesis daily gaining 
ground ; and we are mortified fb see that the Iloyal Society, for- 
getful of those improvements in science to which it owes its origin, 
and neglecting the precepts of its most illustrious members, is now^ 

q2 



228 


APPENDIX. 


by the publication of such papers, giving the countenance of its 
highest authority to dangerous relaxations in the principles of 
physical logic. We wish to raise our feeble voice against inno* 
vations that can have no other effect than to check the progress of 
Science, and renew all those wild phantoms of the imagination 
which Bacon and Newton put to flight from her temple. We 
wish to recall philosophers to the strict and severe methods of in- 
vestigation pointed out by the transcendent talents of those illus- 
trious men, and consecrated by their astonishing success ; and, for 
this purpose, we take the first opportunity that has been presented 
to us of calling our readers* /ittention to this mode of philoso- 
phising, which seems, by the title of the paper now before us, to 
have been honoured with more than the ordinary approbation of 
the Council. . • • • 

* It is difficult to deal with an author whoso mind is filled with 
a medium of so fickle and vibratory a nature. Were we to take 
the trouble of refuting him, he might toll us, ‘‘ Mi/ opinion is 
changed^ and J have abandoned that hypothcdsy hut hei'e is another 
for yonJ' We demand if the world of science which Newton 
once illuminnted is to he as changeable in its modes as the world 
of fashion, which is directed by the nod of a silly woman or a 
pampered fop ? Has the lioyal Society dogi-aded its publications 
into hulletiTis of new and fashionable theories for the ladies of the 
Boy al Institution ? Proh / Let the Professor continue to 
amuse his audience with an endless variety of such harmless trifles, 
but, in the name of science, let them not find admittance into that 
venerable repository which contains the works of Newton, and 
Boyle, and Cavendish, and Maskelyne, and llerschol. 

‘ These remarks lead us to observe, that perpetual fluctuation 
and chanfro of ground is the common lot of theorists. An hypo- 
thesis which is assumed from a fanciful analogy or adopted from 
its apparent capacity of explaining certain appearances, must 
always be varied as new facts occur, and must be kept alive by a 
repetition of the same process of toiicliing and retouching, of suc- 
cessive accommodation and adaptation, to which it oi-i gin ally owed 
its piinj" and contemptible existence. But the making of an 
hypothesis is not the discovery of a truth. It is a mere sporting 
with the subject; it is a sham fight which may amuse in the. 
moment of idleness and relaxation, but will neither gain victories 
over prejudice and error, nor extend the empire of science. A 
mere theory is in ti’utli destitute of merit of every kind, except 
that of a warm and misguided imagination. It demonstrates 
iieitlier piatience of investigation, nor rich resources of .skill, nor 
vigorous habits of attention, nor powers of ahstracti^ag and com- 
paring, nor extensive acquaintance with nature. It is the unmanly 
and unfruitful pleasure of a boyish prurient imagination, or the 
gratification of a corrupted and depraved appetite. 

^If, however, we condescend to amuse ourselves in this manner 
we have a right to demand that. the entcrUiiument shall be of the 
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Tiffht sort, and that the hypothesis shall he so consistent vrith it* 
6elf| and so applicable to the facts, aa not to require perpetual 
mending and patching ; that the child that we stoop to play with 
shall be tolerably healthy, and not of the puny, sickly nature of 
Dr. Young's productions, which have scarcely stamina to subsist 
until the fruitful parent has furnished us with a new litter, to 
make way for which ho knocks on the head or more barbarously 
exposes the first 

^ A little further acquaintance, however, with the Doctor’s paper 
has convinced us that he is as litilo scrupulous in his quotations 
as in his theories ; that he delights as much to twist an authority 
as to torture a fact ; and according to his usual vibratory method, 
after a second examination of the Newtonian writings, has changed 
the opinion which his first perusal gave him of their significa- 
tion. ..... 

^ After all, it may be said Newton amused himself with hypo- 
theses, and so may Dr. Young. Admitting that the Doctor’s 
relaxations -were the same with his predecessor’s, it must be 
remembered that the queries of Newton were given to the world 
at the close of the most brilliant career of solid discoveip” that any 
mortal was ever permitted to run. The sports in which such a 
veteran might well be allowed to relax his mind, are mere idleness 
in the raw soldier who has never fleshed his sword ; and though 
the world would gaze with interest upon every such occupation of 
the former, they would turn with disgust from the forwaixi and 
idle attempts of the latter to obtrude upon them his awlcward 
gambols 

‘ From such a dull invention (the Ether) nothing can be expected. 
. , . It teaclies no trutli, reconciles no contradictions, arranges 
no anomalous facts, suggests no new experiments, and leads to [no] 
new inquiries. It has not even the pitiful merit of affording an 
agreeable play to the fancy. It is infinitely more useless, and less 
ingenious, than the Indian theory of the Elephant and Tortoise. It 
may be ranked in the same class with that stupid invention of 
metaphysical theology, &c.’ 

The first volume of the Eeview contains a second 
article by the same hand, attacking Young’s paper en- 
titled ‘ An Account of some Cases of the Production of 
Coloiu-s not hitherto described/ published in the 
‘ Philosophical Transactions ’ for 1802 . Here is a sample 
of the style^in which the Reviewer handles this paper : — 

tf 

* We cannot conclude our review of these articles without en- 
treating, for a moment, the attention of that illustrious body 



830 


XBFEmiK. 


has admitted of late ymts so many paltry and unsubstanti^ 
papers into its ' IVansactionk’ Groat as the services are which the 
Koyal Society has rendered to the worlds and valuable as the 
papers have been in every volume (not le^s valuable, surely, since 
the accession of the present excellent President), wo think on the 
benefits which it has conferred with feelings of the warmest gra- 
titude. We only wish that those feelings should be unmingled 
by any ideas of regret, from the want of selection to which wo are 
adverting ; and that it should cease to give its countenance to such 
vain theories as those which wo find mingled, in this volume, with 
a vast body of important information. The Society has, indeed, 
been in tljo habit of stating that the truth and other merits of the 
speculations which it publishes must rest with their respective 
authors; but we are afraid this is not suHicient. The Society 
publisfies these napers — meets for the purpose of reading them — 
calls them its < Triinsactions and, in fact, exercises, in many caMes, 
the power of rejecting the papers which are oilered. It is in vain, 
therefore, to disavow a responsihili ty which so many circumstances 
concur in fixing. The public will always look upon the Society 
as immediately responsible for the papers which compose its 
* Transactions,’ unless, indeed, it shall wish to bo degraded into the 
rank of a mere mechanical contrivance for the printing of miscel- 
lanies. We implore the Council, therefore, if they will deign to 
cast their eyes upon our humble page, to prevent a degradation of 
the Institution which has so long held the first i^nk among 
scientific bodies. Let them reflect on the mighty name which 
has been transmitted to them — 

‘ Clarum et venerabile nonicii 
G entibus, et multum nostne quod proderat urbi,’ 

Such a name may indeed shelter them in their weakness, and 
make us venerate, even in tho frailty of old age, an institution 
illustrious for its ancient virtue. Put is it impossible to ward off 
the encroachments of time, and to renovate, in new achievements, 
the vigour of former years ? It is more honourable to support an 
illustrious character, than to appeal to it for shelter and pro- 
tection.’ 

In Vol. V. of tlie Eeview we Lave a criticism of 
Yoimg’s paper entitled ‘ Experiments and Calculations 
relative to Physical Optics,’ which was chosen by the 
Eoyal Society as the Bakerian Lecture for 1804. 

' On a former occasion wo oddroused some remarks to the author 
of this paper, and took the liberty also of offering a few humble 
suggestions to the illustrious Body in whose memoirs it is pub- 



THE ‘ EDINBUBaH .MVIEW • AND BB. YOUNG. gSl 


lislied. The long silence which he has since preserved on philo- 
sophical matters^ at least through this channel of communicatibil 
with the scientific world, led us *to flatter ourselves either that he 
had discontinued his fruitless chase after hypotheses, or that the 
Society had remitted his effusions to the more appropriate audience 
of both sexes which throngs round the chairs of the Iloyal Insti- 
tution. The volume now before us, however, at once destroys 
such expectations. The paper which stands first is another 
Bakerian Lecture, containing more fancies, more blunders, more 
unfounded hypotheses, more gratuitous fictions, all upon the same 
field on which Newton trode, and all from the fertile, yet fruitless^ 
brain of the same eternal 13r. IToung.' 

The Eeviewer thus winds up the controversy : — 

• 

^We now dismiss, for the present, the feeble lucubrations of 
this author, in which wo have searched without success for some 
traces of learning, acuteness, and ingenuity, that might compensate 
his evident deficiency in the powers of solid tliinking, calm and 
patient investigation, and successful development of the laws of 
Nature, by steady and modest observation of her operations. We 
came to the examination with no other prejudice than the very 
allowable prepossession against vague hypothesis, by which all 
true lovers of science have for above a century and a half been 
swayed. Wo pursued it, both on the present and on a former 
occasion, without any feelings except those of r(?grct at the abuse 
of that time and opportunity which no greater share of talents 
than Dr. Young’s are sufficient to render fruitful by mere diligence 
and moderation. From us, however, he cannot claim any portion 
of respect until he shall alter his mode of proceeding, or change 
the subject of his lucubrations 5 and we feel ourselves more parti- 
cularly called upon to express our disapprobation because, as 
distinction has been unwarily bestowed on liis labours by the 
most illustrious of scientific bodies, it is the more necessaiy 
that a free protest should be recorded before the more humble 
tribunals of literature.* 

In Lecture II. the possible effect of these attacks 
upon Young’s productiveness as an investigator is 
referred to. The Reviewer here glances at the silence 
which he regarded as the result of his* invective, with 
evident satisfaction. It is now time to show how 
Young mtet these assaults. Here is his reply to the 
Edinburgh Reviewers : — . • 
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DB. YOUNG’S EEPLY TO THE ANIMADVEE- 
SIONS OF THE EDINBURGH REVIEWERS. 

- A man who has a proper regard for the dignity of his own 
character, although Ins sensibility may sometimes be awakened 
Ijr the unjust attacks of interested malevolence, 'will esteem it 
in general more advisable to bear, in silence, the temporary 
eifects of a short-lived injury, than to suffer his own pursuits to 
be interrupted, in making an effort to repel the invective, and 
to punish the aggressor. But it is possible that art and malice 
may b6 so insidiously combined, as to give to tlie grossest mis- 
representations the semblance of justice and Ciindour ; and, 
especially where the subject of the discussion is of a nature 
little adapted to the comprehension of the generality of readers, 
even a man’s friends may be so far misled by a garbled extract 
from his own works, and by the specious mixture of partial 
truth with essential falsehood, that tliey may not only be unable 
to defend him from the unfavourable opinion of others, but may 
themselves be dis 2 )o.sed to suspect, in spite of their partiality, 
that he has been hasty and inconsiderate at least, if not 
radically weak and mistaken. In such a case, he owes to his 
friends such explanations as will enable them to see clearly the 
injustice of the accusation, and the iniquity of its author : and, 
if he is in a situation which requires that he should in a certiiin 
degree possess the public confidence, he o'Wes to himself and to 
the public to prove that the charges of imbecility of mind and 
perversity of disposition are not more founded with regard to 
him, than with regard to all who are partakers 'ivith him in the 
unavoidable iuipeHections of human nature. 

Precisely such is my situation. I have at various times 
communicated to 1;he Royal Society, in a very abridged form, 
the results of my experiments and investigations relating to 
different branches of natural philosophy : and the Council of the 
Society, with a view perhaps of encouraging patient diligence^ 
has honoured my essays with a place in their * Transactions.’ 
Several of these essays have been singled out, in an unprece- 
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dented manner, from the volumes in which they were printed, 
and have been made the subjects, in the second and ninth 
numbers of the ^ Edinburgh Review,’ not of criticism, but of 
ridicule and invective; of an attack not only upon my writings 
and my literary pursuits, but almost on my moral character. 
The peculiarity of the style and tendency of this attack led me 
at once to suspect that it must have been suggested by some 
other motive than the love of truth ; and I have both internal 
and external evidence for believing that the articles in question 
are, either wholly or in great measure, the productions of an 
individual upon whose mathematical works I had formerly 
thought it i^ecessary to make some remarks, whicli, though not 
favourable, were far from being severe;^ and whose optical 
speculations, partly confuted before, and already forgotten, 
appeared, to their fond parent, to be in danger of a still more 
complete rejection from the estiiblishmcnt of my opinions. As 
far as my reputation in natural philosophy is concerned, I 
should consider a libel of this kind as neither requiring nor 
deserving an answer ; but I cannot help feeling the propriety of 
endeavouring to defend myself from the more pernicious influ- 
ence of those imj)utations, which might tend to lessen the con- 
fidence of the publii^ in the professional qualifications of a man 
whose abilities have been thus contemptuously and repeatedly 
depreciated. The practice of physic has always been, either 
immediately or remotely, the object of my pursuits, aud I can 
affirm, without fear of contradiction, that I have never neglected 
any opportunity either of improving myself in its study, or of 
being useful to the humblest of those who have committed 
themselves to my care in its appliaition. But I have no right 
to expect that any degree of industry that I may ha/e employed, 
should encourage a man to entrust me witb the management 
of that which so nearly concerns his happiness and prosperity, 
if he has reason to think me rash, and vain, and wavering 
in zny opinions, and that even upon subjects which are 

* Young's MUcclIanvous WorlSf vol. i. p. 101 ; see also note tit tlio 
fo>pt of p. 99. — Note hy Dean Dcacock, 
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generally supposed to adin.it of proofs perfectly decisive and 
satisfactory. 

My Bakerian lecture on tlie theory of light and colours, and 
another paper published in the same volume of the * Philoso- 
phical Trunsjictions,’ are the subjects of two of the most scur- 
rilous articles in the second number of the ^Edinlnirgli Keview.* 
The writer of these articles has, as a prelude to his imputation 
of a ‘vibratoiy imd undulatory mode of reasoning,’ very 
unnecefcSiirily recurred to tlK3 first essay that I presented to the 
lioyal Society, as long ago as the year 179ii; I am there- 
fore o^^liged to explain the circumstances which led me to tho 
subject of that essay, and to relate tho history of my opinions 
concerning it : and as he has thought proper to insinuate, in 
the form of insolent admonition, tliat I have never studied even 
‘ the plainer parts ’ of the works of Newton, I must state when 
and why I actually read those admirable productions ; and 
I shall think it right to account, at the same time, for the 
manner in which, as <*1 medical man, I have })ceii led, for a time, 
into the extensive regions of natural philosophy. 

It is now more than fourteen years since I first resolved to 
devote my life to the profession of physic, I continued for two 
years the pursuit of those attfiinments, in mathematics and in 
general literature, which had before constituted my vsole occu- 
pation, and which, by tlie express sentiment of tlic father of the 
medical sciences, and by the universal suffrages of the more 
liberal part of mankind, have been allowed to be the sui’est 
and best foundations for the superstructure of the requisite 
qualifications of a physician. The causes of disease, obscure in 
their nature, and hidden in their operation, elude but too fre- 
quently the most diligent researches of the strongest and most 
experienced inincV? : they aflbrd arn])le scope to the most minute 
investigation, and the most sagacious discernment ; but they 
require that the faculties of the observer should have been 
sufficiently prepared by being employed on subjects of a na- 
ture ^lore certainly definable, acd more perfectly intelligible. 
Classical literature, mathematical philosophy, chemistry and 
natural historj’’, a knowledge of different countries, and an 
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acquaintance with different languages, are as necessary to the 
melioration of those powers of reasoning which are to be called 
into, activity in the pursuit of a profession, as they .arc essential 
to the perfection of the character of a general scholar and an 
accomplished man. This must be my excuse for having devoted 
a considerable portion of my attention to the study of the 
classics, on my success in which the Edinburgh Reviewers liavc, 
with an insulting affoctation of cimdour, thought fit, on another 
occasion, to compliment me. I pursued the study of mathe- 
matics and natural philosophy as flir only as I esteemed tlicni 
subservient to other objects: not that I preferred philology to 
science, but because I thought myself obliged to sacrilico botli 
to physic. After having rendered myself flxmiliur with many 
other mathematical works, 1 read, in the autumn of 1790, both 
the ‘Principia’ of Newton and his ‘Optics.’ I read not the 
‘plainest parts of the “Priucipia’’’ only, but the whole; .and all 
that the illustrious autlior meant to be understood by a reader, 
I understood and admired : where ho jmrposely omitted a 
demonstration, I did not at that time attempt to investigate it. 
That I was then .siitisficd with some few parts which I do not 
now think unexceptionable, might eiisily have happened, even if 
I had felt less reverence tlian I liavo uniformly done for the 
character of the unrivalled author. The ‘Optics’ too I read with 
attention and delight, yet by no means with the same satis- 
faction that I liad derived from the perusal of the ‘Principia.’ 

My attention to optical subjects was not revived till tlio year 
1793, when, in the course of my anatomical studies, the theory 
of vision was necessarily to bo reconsidered. I saw, what I 
then thought none had seen before, that the crystalline lens was 
of a fibrous structure ; and I could find no otlur satisfactory 
inode of explaining the phenomena of vision tjian by attributing 
to it muscular powers. On this subject I presented a short 
paper to the Royal Society,^ to which, from the circumstance 
of the late Mr. Hunter’s reclamation of the discovery na his 
own, a greater degree of no^.ielty was imputed than it perhaps 


* Young’s Miscellaneous Works^ Vol, i. No. I. p. 1. 
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deserved. Mr. Home too attributed to Mr. Hunter the merit 
of a discovery ‘ not small nor UTiimportant,* that of an animal 
in which the fibrous structure of the lens was easily traced. I 
had however found no difficulty in observing, in the eye of a 
quadruped, the arrangement which had been the basis of my 
speculations. 

It was in the course of the winter which I spent in pursuing 
my medical studies at Edinburgh, that I first read Mr. Home’s 
account of his experiments on vision.^ This investigation con- 
vinced Mr. Home that Mr. Hunter, whose sentiments he had 
beforq adopted, was mistaken in his opinion ; and when I had 
afterwards seen at Giittingen Dr. Olbers’ elegant dissertation 
on the Scame subject, 1 found it impossible to resist, "without 
making furtlicr experiments of my own, the appearance of 
evidence which was brought against my favourite opinion. 1 
had not then learned of the Edinburgh Reviewers how much 
easier it was to deny the accuracy of the experiments of my 
adversaries than to oppose them by arguments, or to allow duo 
%veight to their apparent consequences ; and I tlioiight it more 
honourable to acknowledge my conviction of their importance, 
than to persist either in error or in silence. I judged, with 
respect to the matter of fact, perhaps erroneously, but with 
regard to all the evidence that was then in existence, I judged 
as every unprejudiced mind must have been inclined to do. It 
was only in the year 1800 that I was induced to resume the 
investigation, in consequence of reading,’ in the medical essays 
of a society in Edinburgh, Dr. Porteriield’s valuable paper 
^ Oil the Internal Changes of the Eye.’ I improved on his ideas 
of the construction of an optometer, and I obtjiined, by nume- 
rous and diversified experiments, such accumulated evidence of 
the truth of my original opinion, that I was obliged to submit 
to the unexpected necessity of rccuiTing to it once more. Those 
who have read my paper^ not as a modern reviewer reads, but 
with patience and attention, will not, I imagine, think that any 
apology is required for this sec%-nd change of sentiments. I 

> The Crooiiian lecture on Muscular Motion. FkiL Trans, for 1794, 
voi, Ixxxiv. p. 1. 
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cannot, however, refuse myself the pleasure of inserting here 
a passage from a letter which I have lately received from Dr. 
Olbers, the discoverer of tlie planet Pallas, the same whose 
dissertation on vision I have often quoted with applause. ‘ You 
may easily suppose,* says Dr. Olbers, * that your celebrated 
essay ‘‘On the Mechanism of the Eye,*’* must have interested me 
very particularly. I saw indeed that it completely refuted niy 
own theory respecting the changes of the eye ; but mi/ object is 
to discover truths and not to supporUmi/ opinion,^ With such a 
man as Dr. Olbers, my reviewer would say again, as he has 
said of me, it would be ‘ difficult to argue : were we to 
take the trouble of refuting him, he might tell us, Mi/ opinion 
is changed^ 

I have now, I trust, vindicated myself from the cl iargc of any 
unwarrantable inconstancy in the changes which my opinions on 
the subject of vision have undei*gone. I shall next enter into 
a similar explanation of my motives for aj^plying myself to the 
study of the phenomena of sound and light, and of the progress 
of my ideas respecting their nature. When I took a degree in 
physic at Gottingen, it was necessary, besides publishing a 
medical dissertation, to deliver a lecture upon some subject 
connected with medical studies: and I chose for this the 
formation of the human voice. A few pages, containing a 
table of articulate sounds, were printed at the end of my disser- 
tation ‘ On the Preservative Powers of the Animal Economy ; * 
my nncJc, Dr. 33rocklesby, at the instance of the late most 
respectable Dr. Heberden, repeatedly urged me to give some 
further explanation of the subject to which these characters 
related. When 1 began the outline of an essay on the human 
voice, I found myself at a loss for a perfect conception of what 
sound was, and during the three years that I passed at Emma- 
nuel College, Cambridge, I collected all the information re- 
nting to it that I could procure from books, and I made a 
variety of original experiments on sounds of all kinds, and on 
the motions of fluids in generaV In the course of these inquiries 
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I learned, to my surprise, how much further our neighbours on 
the Continent were advanced in the investigation of the motions of 
sounding bodies and of clastic fluids than any of our own country- 
men ; and in making some experiments on the production of 
sounds, I was so forcibly impressed with the rosomblanco of the 
phenomena that I saw to those of the colours oPthin plates, 
with which I was already acquainted, that I began to suspect 
the existence of a closer analogy between tliem than I could 
before Lave easily believed. On further reflection and examina- 
tion my opinion was confirmed, and as 1 thought I could 
place ^the question in a clearer light than that in which it had 
generally been viewed, I was induced to insert my observations 
in a paper, which I presented soon after to the Iloyal Society, 
under the name of * Outlines of Experiments and Inquiries 
respecting Sound and Light.’^ A determination to confine my 
Btudics as much as possible to physic was my motive for laying 
them before the Society in a state of confessed irapci-fection. I 
am not disposed to overrate their value ; the compliment whicli 
was paid to them by an experienced veteran in philosophy, who 
wrote the best articles of the ^ Encyclopaedia Brita nnica,' is fully 
as much as I can flatter myself that they deserve.* The motions 
of a stream of air, rendered visible by means of smoke, the 
diversified rotations of musical chords, the influence of the mode 
of agitation on the natural harmonics of strings, the phenomena 
of beats, and of grave harmonics, were examined in a manner 
which tended to place in a new point of view a subject ccr- 
tJiinly curious, and not wholly unimportant. 

The opinion respecting light, which I first suggested in this 
paper as the most probable, was neither the same with Euler’s 
nor, as tlie reviewer falsely asserts, in any degree borrowed 
from him. It was^precisely the theory of Hooke and of Huygens, 
with the adoption of some suggestions made by Newton himself 
as not in themselves improbable. The only objection whicli 
Newton makes to die hypothesis thus modified, this : light 
couM not be projiagated, solely, by the undulations of a fluid, 

• Young’s Misecllancoiis Worhs^ No. III. p. C4. * Ibid. p. 134, 
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mwithout spreading almost equally in all directions; andfortliis 
a&sertion lie thinks that there is both experiment and demon- 
stration. His arguments from experiment appear to me to 
have been sufficiently obviated by what Lambert has advanced 
in the ^Memoirs of Berlin,’ and by Professor Robison’s remarks 
on echoes in the * Encyclopaedia,’ as well as by many observations 
which I have myself made, at different times, on the waves of 
water. The demonstration is attempted in the ‘Principia:’ to 
me it appears to be defective; if I :^m not allowed to be a com- 
petent judge, I can quote others, whose authority will not be 
denied. Euler has been called by some an indifferent philoso- 
pher, but he must at least be allowed to have been perfectly 
capable of jiulging of mathematical evidence: he had certainly 
read the ‘Principia,’and he utterly denied the conclush^eness of 
the argument. D’Alembert was a mathematician of acknow- 
ledged eminence, and Lalandc’s approbation of his sentiments 
must give them additional w^oight : both these mathematicians 
assert, as it appears from Lalandc’s edition of Montiicla, that 
the arguments are so balanced in favour of the different systems 
of light, that the safest way is to confess * our utter ignorance 
of the manner of its propagation.* The celebrated Laplace, in 
comparing the opinions respecting light, is contented to call 
the Newtonian doctrine a hypothesis, -which, on account of the 
facility of its application to the phenomena, is extremely 
probable. If he had considered the undulatory system as 
demonstrably absurd, he certainly would not have expressed 
himself in so undecided a manner. The oj)mion of Franklin 
adds perhaps little weight to a mathematical question, but it 
may tend to assist in lessening the repugnance which every 
true philosopher must feel to the necessity of embracing a 
physical theory different from that of Newton. 

I have indeed been accused of insinuating ‘that Sir Isaac 
Newton -was but a sorry philosopher.^ But it is impossible that 
an impartijfl person should read my essays on the subject of 
light without being sensiblq that I have as high a respect for 
his unparalleled talents and acquirements as the blindest of his 
followers, and the most parasitical of his defenders, I have 
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^acknowl edged that ‘his merits are great beyond all contest or 
comparison;* that ‘his discovery of the composition of white 
]ight would alone have immortalized his name that the very 
arguments which tend to overthrow his hypothesis respecting 
the emanation of light, ‘give the strongest proofs of the admi- 
rable accuracy of his experiments ;* and that a person may, 
‘ with the greatest justice, be attached to every doctrine which 
is stamped with the Newtonian approbation.’ The printer of 
the ‘ Review,’ feeling perhaps that the last expressions would 
militate too much in my favour, has thought fit to plunder me 
of them, by omitting the marks of quotation, and to attribute 
them to my antagonist. But, much as I venerate tlie name of 
Newton, I am not therefore obliged to believe that he was in- 
fallible. I see not with exultation, but with regret, that he 
w’as liable to err, and that his authority has, perhaps, sometimes 
even retjirded the progress of science. It is now no longer 
denied that he was mistaken in an optical experiment respecting 
the dispersion of light ; and the only attempt that has been made 
to explain the mistake merely shows that there wns a possibility 
of his being misled by a singular combination of circumstances: 
ill a case of mathematical optics he was certainly mistaken, as 
I)r. Smith has diown, when he asserted that a sphere of water 
produces a maximum of density in the light refracted at an 
angle of about 2G° : in the mechanical estimation of force he 
erred when lie calculated the precession of the equinoxes, and 
estimated tlie rotatoiy power of each particle of the earth’s sub- 
fitfince as simply proportional to its distance from the axis. 
These mistiikes, and perhaps some others, have been acknow- 
ledged and corrected by later WTiters; other persons, less 
considerate, have attacked him wliere he 'was invulnerable. 
One of these is the gentleman whom I have reason to think the 
.author of the remarks to which I am replying, and who, having 
first accused Newton of a palpiblc and fundamental blunder, 
a]ipcars now to be desirous of securing to himself the exclusive 
privitege of questioning his authority. 

What I have hitherto said relates to the state of the question 
respecting the nature of liglit, as it stood before the publication 
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of the first of tlie papers whicli have excited so much virulence. 
But I assert tiiat this paper contains an argument sufficient to 
convert that which before was doubt and conjecture into pro- 
bability and conviction. It was in May 1801 that 1 discovered, 
by reflecting on the beautiful experiments of Newton, a law 
which appears to me to account for a greater variety of interest- 
ing ])henomena than any other optical principle that has yet 
been made known, I shall endeavour to explain this law by 
a comparison. , 

Suppose a number of equal waves of wat:or to move upon the 
surface of a stagnant lake, with a certain constant velocity, and 
to enter a narrow cliannel leading out of the lake. Suppose 
then another similar aiusc to have excited another equal series 
of waves, which arrive at the same channel, with the same 
velocity, and at the same time with tlie first. Neither series of 
waves will destroy the other, but their elibcts will be combined : 
if they enter the channel in such a manner tliat tlie elevations 
of one scries coincide with tliose of the other, they must to- 
gether jiroduce a series of greater joint elevations; but if the 
elevations of one series are so situated as to correspond to the 
depressions of tin* other, they must exactly fill u]) those de- 
pressions, and the surface of the water must remain smootli ; 
at least 1 can discover no alternative, either from theory or 
from exj.ieriinent. 

Now I maiiitaiu that similar cflects take [jlace wli(?ucver two 
])ortions of llglit arc tlius mixed; and tliis I call the general 
hiw of the interference of light. I have sliown tliat tin’s law 
agrees, most acc.urately, with the measures recorded in New- 
ton’s ‘Ojitics,’ relative to the colours of transparent substances, 
observed under circumstances which had never before been 
subjected to ciilculation, and with a great rjivorsity of otlier 
exi^eriiuents never before explained. This, I assert, is a most 
powerful argument in favour of the theory which I had before 
revived : tlufre was nothing that could have led to it in any 
author with -wliom I am acc^uainted, except some impilft-foct 
hints in those inexhaustible but neglected mines of nascent 
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inventions, the "works of the great Dr. Eobcrt Hooke, which had 
never occurred to me at the time that I discovered the law, 
and except the Newtonian explanation of the combinations of 
tides in the Port of Batsha. 

It is unnecessary, on this occasion, to enter minutely into the 
consequences of the law of the interference of liglit : they have 
been the principal subjects of the three papers which liave 
drawn dow’ii upon me the rej)eatcd anathemas of the self- 
erected Inquisition of the IJorth. Not a single argument has 
been jiroduced to invalidate it. The reviewer has cursorily 
observed that if the law were true, every surface opposed to the 
light of two candles would appear to be covered with fringes 
of colours. Let us suppose the assertion true — what will be 
the consequence? In all common cases the fringes will demon- 
strably be invisil)lc ; since, if Ave calculate the length and 
breadth of each fringe, wo shall find that a hundred siioh 
fringes Avould not cover the j)oint of a noodle ; and an optician 
does not require to be told that a mixture like this constitutes 
a Avliite light, not distinguishable by the senses from that Avhicli 
is supposed to have formed them. 

In order to answer the charge of inconsistency in my opinions 
respecting the nature of liglit, I must begin by oliscrviiig that 
there are tAvo general methods of communicating knoAvledge : 
the one analyti<jal, Avliere Ave proceed from the examination of 
ellects to the investigation of causes ; the other synthetical, 
Avhore Ave first lay doAvn the causes, and deduce iroin them the 
particular effects. In the synthetical manner of explaining a 
ncAv theory avo necessarily begin by assuming principles, Avhicli 
ought, in such a case, to bear the modest name of hypotheses ; • 
and Avh cn Ave liaA^e comiiarcd their consequences Avith all the 
phenomena, and^have shoAvn that the agreement is perfect, 
Ave may justly change the temporary term hi/jmthesis into 
theory. This mode of reasoning is sufficient to attach a A^alue 
and iinportanee to our theory, but it is not fully decisive Avitlr 
respect to its exclusive truth, sin^e it has not been proved that 
no other hypothesis Avill agree with the facts. 

It is exactly in this manner that I have endeavoured to 
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proceed in my researches. By analysing the experiments of 
Newton, an d*coniparing them with my own, I had arrived at 
principles, to which I gave, in my paper on the theory of light, 
the unassuming title of hypotheses; alter comparing these 
principles with all tlie phenomena of light, and showing their 
perfect consistency, I thought myself authorised to make a 
conclusion, in my ninth proposition, whicli converts the hypo- 
thesis into a theory. I was justified in doing this, because no 
man had ever attempted to advance a theory which would bear 
to be compared inatliematically with the phenomena that I 
enhmerated. But, acc;ording to the nature of the only mode 
of reasoning which the circumstances allo wed me, it was im- 
possible to infer, froui this synthetical comparison, that no 
other suppositions would agree with the idienomena ; and I 
expressly revuirJccd^ witli respect to one of the four hypotheses 
which I laid down, that it was possible to find others ivhicli 
might he snhstituted for it. It is in tin's hypotliesis and its 
consequences only, tliat I have since attempted to make any 
improvements. And such improvements I shall ever admit 
with pleasure, whether they arise irom my own experiments, 
or from those of others. One immaterial correction of this 
kind I was obliged to make in consctpiencc of Dr. Wollaston’s 
most interesting observations upon th(^ true division of the 
prismatic spectrum, which alFord an additional proof that even 
Newton’s ex[)eriments, frequently as they have been rc]:)i.*atad 
by others, may sometimes stand in need of a inoro careful 
examination. And this modification, which has, in fact, little 
or no connexion 'with the essential parts of my theory, has 
been adduced as a proof of the ‘fickle and vibratory nature 
of the medium that Jills my mind.’ The reviewer has indeed 
in another place denied tlie accuracy of D**. Wollaston’s ex- 
periment, but his objections are too futile to deserve notice.^ 

• In the foilowing notice in tho Kdinhurgh Ecvievj for Apinl 1803, 
of his paper in the Iddlomphical Tranmetions for 1802, * Qri tho 
oblique Eelleetion of Iceland — ‘We were mucli disappointed 

to find that so acuto and ingenious an experimentalist had adopted the 
wild optical theory of vibrations. After stating it, however, chiefly 
from Huygens, and applying it to explain tho properties of tho spar, he 

- li 2 
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Pespecting another trifling change of sentiment, to which 
the reviewer has thought proper to attach great fniportance, I 
Jiave hitlierio abstained from ex]:)Ianation, in delicacy towards 
the gentleman whose observations 'were concerned ; I wish to 
avoid insisting on liis iuaccirracy in a very easy calculation, 
and for the same reason I shall say nothing further on the 
subject at present. 

When the reviewer asserts that ‘ a hypothesis is a work of 
fancy, useless in science,’ it must be supposcjd that he is spefxk- 
ing of such hypotheses as have neither been originally deduced 
from experiments, nor afterwards compared with them : but 
wheii, in another of his articles, he condemns, as lia viiig impeded 
the i^rogrcss of discovery, the beautiful hy])ot;hcsis which has 
been applied, with the greatest success, by AG]nnus, by Mr. 
Cavendish, and by Professor Robison, to thf^ jdienomena of 
electricity and magnetism, we can only regret that a ]>crsDn so 
void of a sense of ])hysical elegance should liave an opportunity 
of obtruding c)])inions like these on the jniblic ; and wo may ex- 
pect that ho would say, If he dared, that even the Iiypothesis of 


got‘S on to examine, ])y j’.coiirnto cxporimonts, whotlior tlio iin(lnl.‘\tory 
system iigro(5S with the facts. Tho hypotlicsis is, that tlio different 
iuululatio)is of tlio el L.stic motliinn are spherical iii almost all cases, but 
tliat, ill the Iceland cryf-tal, those imdnlations are .sphoroiclal ; and it 
junst ho. jvcknov.lodgeil, the near coiiicidcnco of the oxjicrinionts, whicli 
arc extremely well eoJitrivod, and appear to bo acciiraf cly conduct od, 
give tills theory a plamdbilil y wliicli it did not before possess. Wo would, 
however, .remark that the hypothesis of Aepinus him.self, by far tho 
most cousislcnt, siniph?, and universally applicable of foiy that lias 
over been xu'oposi.'d, is still only a gi’atuitcjiis bypollrosis ; has ac»iiiircil 
to its author only the praise of fanciful iugciiiiity; and lias, perhaps, 
done mori' liarm than good to the science of jnagjietism, by witJidrawing 
the alti-iition of pliilosophers from, tho patient ami dilhcult, but profit- 
aldo observation of nature, txi tho more easy but canply amusement of 
indulging tJieir fancy. 

* The hypothesis of Huygens is nut, as Dr. Wollaston seems to tliink, 
the .same with that of Euk>r and other iinpliilosophical inqnircr.s. It 
sipproachcs more nearly to that of No\Yton, aiid assumc.s tlio existence 
of an clastic medium, acting upon and inllucnccd by tho *rays of lights 
Tliesocauthors, mishHl by the nature of sound, do not admit tho nia- 
tcrialit^y of light, but assert that it is* a vibration propagated through 
the medium. Hut .short as thoso remarks are, we aro loth to waste any 
more time on such a fec'ble and ill-conducted defence of an untenablo 
.and useless hypothesis.* Vol. ii. p. 99 . — Noic hy Dean Vcacocl', 
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universal gravitation has presented an insuperable barrier to tl io 
advancemeiit*of experimental knowledge, lie is at least deter- 
mined to show lliat every hypothesis must be the work either of 
infancy or of dotage; and insinuates that the speculations 
which I have extracted from Newton’s writings were merely the 
amusements of some vacant lioura at the close oi‘ his scientific 
career. It is very true that the (pieries ot* Newton were given 
‘to the world’ at a time when his brilliant and solid dis- 
coveries were fully established ; but the papers which explain 
all his hypotheses concerning light the most at large, and to 
which I have had the most frequent occasion to refer, wqro read 
to the Royal Society more than ten years before lie began to 
write his ‘Princii>ia;’ and the principal reason that delayed tlieir 
publication, appears to have been the apprehension of disputes 
with II r. Hooke. Some were published in the ‘ Optics,’ soon 
after Dr. Hooke’s death; others arc only to be found in 
Birch’s History of the Royal Society. Had I not taken cure to 
annex the dates to my quotations, the reviewer might easily 
have pleaded his ignorance in excuse for his misrepresentations. 

Tlie same plea of ignorance would be but an inadequate 
apology for the assertion of a positive falsoliood, where he 
accuses me of referring to an unimhlinhed work of my own. 
The rcferenco could only be intended for the readers of the 
essay as a printed piqier; my ‘ Syllabus’ was published in 
January 1802 ; the ‘ Tranwictioiis’ not till late in the spring ; 
and if he had either sent to the publislicr for this syllabus, or 
made inquiry for it among his literary iriends even in Edin- 
burgh, ho might have found in it some information, on subjects 
which he appears to understand but imperfectly. 

In the first paragraph of tlic review of my paper on the pro- 
duction of colours, the writer confesses thab^he has not 
cient fancy to discover’* how the ‘ interference of two portions 
of light ’ could ever produce an appearance of colour. The 
poverty of liis fancy may indeed easily bo admitted, but it is 
unfortunate that he either hais not patienco enough to retid, or 
intellect enough to understand, the very papers that he is criti- 
cising; for, if he had perused with common attention my 
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Bakerian lecture on light, lie might have understood such a 
production of colour without any exertifin of fancj^ at all. He 
then quotes from me the assertion, that a ‘ black hair ’ docs 
not produce the appearance of fringes, and he has even the 
modesty to refer to a certain page of my paper. 1 have tliere 
said, that horse hair’ did not produce that appearance; 
and I have left it Ibr the reviewer to decide whether the horse 
should be white or black. The truth is, that a fine wire, or a 
small hair, ^vhetlier black or white, exhibits equally well the 
colours Avhich I have described. If the fact were otherwise, it 
would l^e utterly unintelligible ; for there is absolutely no foun- 
dation lor tlie reviewer’s insinuation, that any tlieoiy of these 
colours was deduced by Be Dominis, or can be deduced by any 
other person, from the laws of refraction. JTe asserts that it is 
niathcmatically impossible for tlie light to bend round a hair. 
Grirriakli has long ago experimentally demonstrated tins flexion, 
and called it diffraction : an effect wliicli furnishes the most 
striking analogy between tlie motions of' light and those of the 
waves of water. 

The reviewer next coinidains of his utter ivant of cojnprehen^ 
sioJi of the dilforcn(',o between the colours of mixed plates, and 
those of tli(‘ plates wliieh have been described l)y jNewton. Had 
he sulUcicntly studied the ‘ Optics’ of Newton, he wouldluive seen 
that the thickness of a simple ])late of water must be only three 
fourths as groat as that of a ])late of air, in order to produce 
similar effects: in the colours wliich I have described, the 
thickness of the mixed plate was sir times as great as that of the • 
plate of air : the one series of rings expanded ^ upon inclining the 
plates, the other contracted. These distinctions arc plain enough 
for any person of comprehension, and I was not aware 

that it was ncccss;u:y to provide for extraordinary cases. 

We arc induced to suppose, from the ])age which immediately 
follows, that, to speak without a metaphor, neitlier the fancy nor 
the comprehension of the reviewer could enable him to distin- 
guish a black spot from a white one. 1 Iiave said, that when 
two glasses arc brought into the most intimate contact possible, 
with the interposition of a certain fluid, the central spot of the 
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Tings of colours is nearly white : it was before Icnown that, 
without any ^uch interposition, the central spot, in similar cir- 
cumstances, would be nearly black : and the critic sfigaciously 
jironoimces, that these effects arc precisely the same. lie quotes 
from Newton the expression of the ‘pellucid central spot,’ 
meaning the spot which reflected no light, and th(?n explains it, 
us if it were exactly similar to that which, in my experiment, 
reflected nearly all the light that fell on it, and Avas therefore 
wliite. -• 

That the lines which are quoted in the same page, from my 
paper, present, wdicn thus insulated, an appearance of copfusion 
and of vague reasoning is perhaps undeniable, and is perfectly 
excusable. The reviewer has not understood the ]>a])er in its 
entire state, and he might be sufliciontly secure that his readers 
'would never bo able to extricate an intelligible sense from an 
arbitrary quota! ion of a few lines, taken out of the middle of a 
paragraph of connected reasoning, lie misapprehends and 
jnisrepresents completely the Avhole subj'ect oi’ the explanatiou; 
he siiys that its object is to explain the blue colour of the lower 
]>art of* the flame of a candle. Nothing was further from iny 
tlioughts than to assign any reason for tins Iduoness ; what 1 
attenipte<l to illustrate, was an original and important obsiirva- 
lion made by Dr. Wollaston, that a portion of tlie blue flame of 
a candle appeared, wdieii viewed through a prism, to be divided 
into a number of distinct masses or images. My illustration of 
this phenomenon has nottlie slightest connection with what the 
reviewer calls his solution of the ajipearance of difliiront colours 
in different flames, 'which he so humbly intreats his readers to 
compare witli it. I am not therefore obliged to give an opinion 
of any kind resj)ecting this protended explanauoii of a plie- 
nomcnon foreign to the sul>ject; if I were, it would be sufficient 
to say, that no such kiws could b(j supposed to operate, upon the 
principles of mechanical forces, without producing different 
velocities in light of dilfercut colours. But the passage fortu- 
nately affords me a most coMvincing joroof of the nature *of the 
source from which this torrent of invective has originated. We 
4ire here told, that the doctrine of the different Jlexihility of 
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light is now tmiversaUjf admitted. I have searched into all the 
works that I could find in the libraries to whiiii I have had 
access, for opinions respecting the nature of light, and, as lar as 
I have discovered, the different flexibility of light is admitted^ 
in the absurd and unwarrantable sense in which it is here 
employed, hf three ivriters only. The first is Mr, Henry 
Brougham, the second the anonymous author of an article 
in the ‘ Encyciopcedia Britannica,’ and tho third tlie assailant 
'ivhose injurious attacks I am now repelling. Froin so remark- 
able a coincidence, I think myself authorised to conclude, that 
these three writers are one and the same. I have before 
hinted that ]\Ir. Brougham’s doctrines have been sufficiently 
confuted, by Professor Prevost of Geneva.^ IMr. Prevost has 
satisfactorily defended the experiments of Newton from the 
imputations of Mr. Brougham; but in other respects he has 
perhaps treated tlie young theorist with too much lenity. 

I have now ansAvered everything that was inf ended as an 
argument, in tho articles published in the second number of tho 
‘Review.’ This constitutes, in fact, but a small part of those 
articles : they have much loss the appearance of tho impartial 
discussion of a long disputed question in natural philosophy, 
than of the bufibonery of a theatrical entertainmont, or of the 
jests of a pert advocate, endeavouring to place in a ridiculous 
light the evidence of his adversary. To answer such an attack 
in similar language Avould be degrading ; to attempt to oppose 
it by argument Avoiild be futile. I shall refrain, therefore, from 
noticing any of the additional scurrilities whicli have been 
copiously intermixed by the same writer Avith his remarks 
on my last paper. I say the same, because I am unAAulling to 
sup]!X)so that this island lias produced tAvo persons capable of so 
stupidly misundeiitanding, and so Avilfully misrepresenting. 
But their identity is of no consequence to the discussion, and it 
is imnccessary to inquire for proofs of it. The Avhole purpose 

« ^ 

’ In tho Thiloso^diical Transactio7is jfor 1708» vol. Ixxxviii. p. 321 
in a paper entitled ‘ Soinc* Optical Remarks chiefly relative to the Rc- 
flexibility of thf< R-ays of liiglit .* — 'Note hy Dean Peacock. 
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of the paper inserted in the ninth number of the ^Review’ might 
l>e supposed have been, not to confute the principles which 
the writer attacks, but to show that ho is incapable of under- 
standing even the simplest of them. 

I have asserted that two series of undulatioriSy intcrferiruj 
with each other at certain relative intervals^ necesstirily produco 
certain modifications in their joint elFects. These terms not 
only belong to the same theory, but are parts of the same posi- 
tion which I have already illustr^ited by a familiar comparison 
in these remarks. Tlie author of the critique has sagaciously 
observed, that * they who object to the theory of interference, 
have only to turn a pajjc^ and they find the theory of intervals, 
and they need but go on a section further^ and tho vibrations 
and undulations are very much at their service.’ 

This specimen is sullicient to explain how naturally it must 
appear to liim ^ unaccountable,’ that the process of intcrfereiico 
should produce certain effects, some of whicli I never sui>poscd 
that it could produce, and otliers which none who rightly 
understood my theory could ever doubt that it must produce, 
lie asks, ‘ on what known principle ’ can the production of 
coloured fringes from two beams of white light be explained? 
1 answer, certainly on no principlo that was known before; but 
iij)on consideration of the law which I have discovered, most 
simply and unavoidably. 

The reviewer has afforded me, in the next observation, an 
opportunity for a triumph as gratifying as any triumpli can be 
where the onerny is so contemptible. Conscious of inability to 
explain the experiment which I have advanced, too ungenerous 
to confess that inability, and too idle to repeat the experiment, 
lie is compelled to advance the supposition that *t was incorrect, 
and to insinuate that my liand may easily lyive erred through a 
space so narrow as one-thirtieth of an inch. But tho truth is, 
that my hand was not concerned : tho screen was placed on 
a table, and moved mechanically forwards with the utmost 
ciiution. The experiment, succeeded in some circunfstances 
where the breadth of the object was doubled or tripled ; and I 
assert that it was as easy to me to estimate an interval of one- 
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thirtieth of an inch, as an interval a hundred or a thousand 
times as great. Let him make the experiment, aM then deny 
the result if lie can. 

"With equal pertinacity of blundering, ho has remarked that 
tlie interference of light inflected by two continuous edges 
ought, upon ‘my principles, to produce not continiiod fringes, 
but only ‘ scjiiare or rectjingular spots of fringe.’ W as it not 
enough to have demonstrated the weakness of his powers with 
regard to physical laws ? And was it necessary to induce his 
readers to suppose him iiycapablc of going through a little alge- 
braical calculation leading to the pro2)erties of the liyperbola ? 
Let right’ lines be inflected from the edges of a rectangular 
object into its shadow, so as to cut off portions with the oppo- 
site lines, exceeding their own length by a given interval, and I 
maintain that llie intersections will form continued curves, and 
that those curves Avill be hyperbolas : tl.o sliapc of the fringes 
ought not^ tlicrefore, to be that of detached spots, but of 
hyperbolical curves. 

It is a metaph3"sical absurdity,’ siiys the reviewer, to assert 
that qualities can ‘ move ’ in concentric surfiiccs. I liave not 
said that the qualities of light ‘move’ in concentric .surfaces, 
but that they ‘ succeed each otlicr’ in concentric .surfaces ; 
and in this there is certainly no metaphysical absurdit3\ Con- 
densation and rarefaction are qualities of the air, and it w'ill not 
be denied that, in every inusical sound, condensation and rare- 
faction continually succeed each other in concentric surfaces. 

Upon my train of argument respecting the nature of light, 
the reviewer observes, first, that an analogy ivS made the ground 
of an inference. I answer, that when the analogy is sufficiently 
close, it is a most satisfactory ground of physical inference. 
Secondly", he says tl^.it a gratuitous assumption is set down as a 
necessary truth. I reply, that the assumption is not gratuitous ; 
that nobody, except for the sake of argument, will deny, or can 
deny it ; sliould it be denied, it would bo perfectly easy to sub- 
stantial^j it by showing the unaTjpidable contradictions that 
would result from any alternative that could be substituted for 
it. The remaining part of the paragraph is as correctly quoted 
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as that edition of the Bible 'was printed, in ^Yhich the only 
error -was th^i omission of the word not in the seventh Com- 
mandment : here the monosyllable hd., which completely in- 
verts the sense of the passtige, and wliich would have ciitii-ely 
destroyed the force of the criticism, is therefore very prudently 
omitted. 

1 have inserted a caution relating to dccc])tions in the ex- 
amination of microscopical objects, not in order to attach any 
additional merit to my own explanations, but as a hint natu- 
rally arising out of the subject. The same caution might 
perhaps have been suggested by the ‘results of some former 
experiments, but the |)articular appearances that would ’be j)ro- 
duced by such fallacies could never before have been so 
minutely indicated. That the imag(\s of very small objects on 
tlie retina may j)ossibly b(i affected by such causes, is tlic natural 
iurercnce from my principles; and it is of no consequence to 
this position whether the reviewer can or cannot explain tlieni 
from his OAvn. 

]\ry com])arison of a grove of trees pervaded by the wind, 
with the particles of a material body, separated, as all modei-ii 
pliiloso])iie]’s have suj)posed tbom to be, by intervals incompa- 
rably greater tliaii their diameters, and allowing an inconceiv- 
ably rare medium to penetrate with perfect Ireedom every 
interstice, could scarcely have appeared obscure or inapj)ii cable 
to any man unbliiided by prejudice or unbiassed by male- 
volence. 

I have already said enough of Newton to sliow how I vene- 
rate his cliirracter, as the first of mathematicians and the gj-eatest 
of philosophers. Perha])s, however, the mention of persons 
whose vieAvsare ‘ still less enlarged ’ than liis own, may imply 
in some measure what I never intended, and may therefore 
require some little apology, especially as tlie expressions will 
bear to be apjdied to the objections which 1 am now endeavour- 
ing to refute. It was, indeed, a want of respect to las illustrious 
memory to place the superficial and dogmatical fanci^,\s of a 
writer in the ‘Edinburgh lievieAv’ iii any kind of comparison 
with the deep and refined imaginations of a Newton. Instead 



252 


APPENDIX. 


of ‘ still less enlarged' and enlightened, I ought to have called 
them narrow and confused, selfish and interested^ puerile and 
ostentatious. 

The indignation of the same violent and arbitrary tribunal 
has been excited- iiihd called forth by a declaration from a man 
whose approbation is so much the more valuable as it is always 
bestowed with tlie most cautious regard to experimental accu- 
racy and logical induction. Dr. AVolhivSton has observenl that 
‘ the theory of Huygens affords, as has lately been shown by 
Dr. Young, a simple explanation of several not yet 

accounted for hy any other hypothesis.^ His OAvn observations 
on Iceland crystal accord throughout, he says, with this hypo- 
thesis of Huygens ; the measures that he has taken ^ correspond 
more nearly than could well hapj)en to a false theory.* But 
he contents himself wi til stating tlieso un deniable facts ; and 
tlie reviewer goes too far when he asserts that Dr. Wollaston 
‘has adopted the wild optical theory of vibrations.’ If Dr. 
Wollaston had then been acquainted with the experiments and 
calculations which I have made since that time, it is possible 
that his assent might have been much more comjdete and un- 
reserved. But while I allow to his experiments all the merit 
that a clear conception, a vigorous mind, a steady liand, and 
an accurate eye can bestow on them, it must not be said by 
the Edinburgh Reviowors that his experiments have given tlio 
tlieory ‘ a plausibility which it did not belbre possess.’ As ex- 
periments, they have all the merit of originality^ for the author, 
when he made them, was unacquainted with those of Huygens ; 
and his most ingenious invention of an instrument for measur- 
ing refractive powers enabled him, with great ease, to improve 
and extend them. But the experiments of Huygens were 
elaborate and diversified, and every argument tliat can be in- 
ferred from Dr. Wollaston’s observations had been anticipated 
by this great philosopher upon the ground of his own. It is 
true that our reviewer was not likely to have troubled himself 
with Huygens’s treatise of light; Jiis business is to censure 
others, and not to inform himself ; it was easier for him to call 
this doctrine ‘a clumsy hypothesis,’ and ‘a dull invention,’ than 
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to investigate its truth and to admire its elegance. IIo lias 
indeed made distinctions between Huygens’s doctnne and mine, 
wliich serve Init to prove still more strongly that ho was 
acquainted with neither; I shall only answer his epithets by 
a quotation from a writer, whose merits ^le testimony of 
Newton is well known to have raised far above Ihe ordinary 
rank of his contemporaries. In Cotes’s lectures on hydro- 
statics, where he is speaking of the velocity of light, and takes 
occasion to mention the hypothesis of Huygens, the following 
passage occiirs : — ‘ When we take a, particular view of tho 
several parts of this liypo thesis, it appears to be so \ory iii- 
goniously contrived, and so liandsomcly put together, that one 
can hardly Ibrlicar to wish it were true.’ The evidence was at 
tliat time imperfect, but the symmetry was complete. 

The reviewer lias tliouglit l>ropcr to unite, in several instances, 
with his invectives against mo, some ridicule of the objects of 
the Royal Institution of Gre«at Britain ; an institution in wbicli 
its managers have studied to concentrate ?ill tliat is useful in 
science, or elegant in literature. Tliis connexion appears to 
him to add so mucli weight to his arguments, that ho lias 
chosen, without further provocation, to insinuate its existence 
more than a year after it had boon dissolved, 1 accepted the 
appointment of l’rof;?ssor of Natural Plulosophy in the Ihiyal 
institution as an occupation which would fill up agreeably and 
advantageously such leisure hours as a young practitioner ot 
pli 3 -sic must expect to be left free from professional cares. I 
was led to liopo that I should bo abio to impress an audience 
formed of tlie most respectable inhabitants of the motro|K)lis, 
with siicli a partiality as tho moderately well-informed arc 
inclined to entertain, for those who appear tc know even a 
little more than themselves of inattors of s^rficnce ; tliat I might 
lie of use to tlio public in disseminating tho true jiririciples of 
natural philosoph}’; and tliat I might in future be remunerated 
by the enjoyment of a more extensive confidence in my pro- 
fessional abilities than could have been granted to a* person 
less generally known. While I hold the situation, I wisdied 
'to make my lectures as intelligible as the nature of the subjects 
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permitted ; but I must confess that it was not my ambition to 
render them a substitute for those of any superlficial experi- 
nienter, tliat was in the habit of delivering courses of natural 
philosoidiy for the amusement of boarding scliools. Whatever 
may have been the imperfections of my lectures, it cannot be 
asserted, except perhfips in the ‘ Ediriburgli Keview,’ that they 
were fit for audiences of ladies of fashion only. After fulfilling, 
for two years, the duties of the Professorship, I found them so 
incompatible with the pursuits of a practical physician, that, 
in compliance with the -advice of my friends, I gave notice of 
my wisli to resign the office. I think it, however, just to the 
Institution^ to the public, and to myself, that the result of my 
labours, throughout the whole extent of natural philosophy 
and the mechanical arts, should bo rendered of some i)ermancut 
utility; and I have since collected such amass of further 
rdercnccs to works of all ages and of all nations, accompanied 
l)y many notes and extracts from them, that it will hence- 
furwards be easy for every student and cvciy author to know 
at once what has been done, and what remains to bo done, in 
the subject of liis particular researches ; and to what books he 
must apply for the best information ; where further informa- 
tion is required, and can be obtained. Considering liow 
widely this information is at present scattered, I trust that I 
shall have rendered a service of some importance to every 
d(;partment of the sciences, and I am now on the point of pre- 
pai’ing my book lor immediate publication. With this work 
iny ])ursuit of g(3iieral science will terminate : henceforwards 
1 have resolved to confine my studies and my pen to medical 
subjects only. For the talents which God has not given me 
I am not responsible, but those which I possess I have 
hitherto cultivated* and employed as diligently as iny oppor- 
tunities have allowed inc to do ; and I shall continue to apply 
them with assiduity, and in trancpiillity, to that* profession 
which Jias constantly been the ultimate object of all my 
labours.^ ^ 

‘ ‘ Of tlio preceding most masterly Reply,* siiys Doan Peacock, in liis 
excel! cut Life of Young, * which was published in the form of a pamphlet, 
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Young has been defended with great ability and out- 
spokenness* by Dr. Whewell and Dean Peacock. I 
content myself here with placing the assailant and the 
assailed side hy side. It is not necessary to add a word 
to strengthen the verdict which, throughout all time, 
will be pronounced upon the writer whose invective 
drew from Dr. Young the foregoing vindication. 


MEASUIIEMENT OF THE WAVES OF LIGHT. 

• 

The diilraction fringes described iu Lecture II., instead of 
being formed on the retina, may bo formed on a screen, or 
upon ground glass, Avlion they can be looked at through a 
magnifying lens from behind, or they can ho obsci-ved iu the 
air when the ground glass is removed. Instead of ptrnnitting 
them to form on the retina, wo will suppose them formed on 
a screen. Tliis places us in a condition to understand, even 
without trigonometry, the solution of the important problem 
of measuring the kvrjth of a wave of light. 

We will suppose the screen so distant that the rays falling 
upon it from the two margins of the silt are seusn)1y parallel. 
We have learned in Lecture II. that the first of the dark 
bands corresponds to a difference of marginal patli of one un- 
dulation ; tlie second dark band to a difference of path of two 
undulations ; the third dark hand to a dilferenco of three 
undulations, and so on. Now the angular distance of the 
bands from the centre is capable of exact measurement ; this 
distance depending, as already staletl, on tlie widtli of the slit. 
With a slit millimeters wide, Bclnvord four dthe angular 

distance of the first dark band from the c<5ntre of the field to 
be 1' 38" ; the angular distances of the second, third, fourth 
dark band being twice, three times, four times this quantity. 

it WMS statfcl by its author, that (me coj^y only wan sold : it consyiucntly 
produced uo efiect in viudicatinS his scientific charactcT, or in turnijig 
tho current of public opinion in favour of his theory.’ 

^ The millimctt'r is about j^gth of an inch. 
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Let A B, fig. 59, be tlie plate in which the slit is cut, and 
C D tlic grossly exaggerated \vidth of the slit, with the bciim 
of red light proceeding from it at the obliquity corresponding 
to the first dark band. Let fall a perpendicular from one 
edge, D, of the slit on tlie marginal ray of the other edge at 
(L The disfiince, C f/, between the foot of tJiis perpendicular 

Pig. 59. 
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and the other edge is the length of a wave of tlio light. The 
angle C D d, moreover, being equal to li C It', Is, in the case 
now under consideration, 1' 38". From the centre D, with 
the width 1) G as radius, describe a semicirlo ; its radius 
D C being 1*35 millimeters, the length of this semicircle is found 
hy an easy calculation tb be d-218 millimeters. The length 
C d is so small that it sensibly coincides witli the arc of the 
circle, llencc the length of the semicircle is to the length 
C d of the wave as 180® 1x> 1' 38", or, reducing all to seconds, 
as 018,000" to 98". Thus, we have the pro]jortioii — 

048,000 : 98 :: 4*248 to the wave-length C d. 

INIaking the calculation, we find the wave-length for this 
particular kind of light to be 0*000043 of a millimeter, or 
0*000020 of an inch. 
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WATER CRYSTALLIZATION. 

The following letter from my excellent friend Professor 
Josopli Henry refers to the surprising case of orystallization 
figured in the frontispiece, and for Avhich I am indebted to the 
kindness of Professor Lockett : — 

‘Smithsonian Institution, Wasliington: 

^ ‘M:irch 24, 1873. 

‘ My deau PnOFESSOK Tyndall, — Accompanying this I send 
you a photograph, at the request of Professor S. IT. Lockett, of 
the Louisiana State University, of which the following is his 
explanation : — 

‘ “In my drawing room I kept a wash-l)asm in which to rinse 
out the colour from my water ‘•colour brushes. This colour 
gradually formed a uniform sediment of an indefinite tint over 
the bottom of the basin. On the night of the 20th of December 
last, which was an unusually cold one for this climate, the 
\vater in the basin froze. On the melting of the ice the* next 
day, the beautiful figure you sec on the photographs was left 
in the sediment. I carelully poured the water Irom tlie basin, 
let the sediment dry, and thus perfectly preserved the figure. 
It has been accurately photographed by an artist in this city. 
The negative is preserved, and if you would like to have any 
more copies they can readily bo obtained. 

‘ “ We are not much accustomed in this "warm country of 
ours to the beautiful ‘ forms of water,’ and this has struck mo 
as a little remarkable, and worthy of being kept.” 

‘ The fact that the results have been produced by coloured 
sediment indicates a method of exliiblting the effects of crys- 
tallization in an interesting manner. 

‘Joseph Henry, 

‘ Secretary, Smithsonian Institution.’ 


s 



?58 


APPENDIX. 


LIFE AND CRYSTALLIZATION. 

In Lecture III. the phenomena of crystallization aare referred 
to, and their relationship to the phenomena of life hinted at. 
In tVie opening address to the mathematical and physical 
section of the British Association at Norwicli, I sought to 
give clear expression to the notions I then entertjiiued upon 
this subject. The fblloAving 'extract, however, from a journal, 
written at Dinan in illustrates the common fact that 

thoughts expressed in riper years have been the substantial 
possession of our earlier ones : — 

'At one or two points, where the view was more than 
usually bearUiful, the nig was spread on the grass, and we sat 
down. H. started the question whether natural beauty tended 
to make men better, and he referred to the tropics in proof 
that such beauty did not always lead to beauty of life. I 
contended that to examine the effect of natural ]>cauty it must 
bo detached from other influences and its effect studied 
aloiiA If people of tlie same character and ca2)acities, and 
possessing the same facilities of obtaining the necessaries of 
life, were 2:)Iaccd, some amid beautiful scenery, and otliers 
amid scenery dreary and dull, the former would have the 
advantage. II. contended that culture was necessary before 
the mind could extract benefits from fine scenery, while I 
urged that the culture which he demanded would itself be 
promoted by a pleasant scene. 

‘ The influence of climate upon man led us to consider solar 
influence gencially in relation to organic growth. A large 
elm was at hand. It was certainly a mechanical act to lift 
the matter of that tree so high in O2)position to the force of 
gravity. Against this power the molecules had ascended ; 
unaided by this power they had diverged into branches and 
spread themselves into innumerable leaves. Now the 
molecules hero had been either lifted by a power external to 
themselves or by a power resident in themselves. No jjhysical 
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philosopher can accept the fbnner notion; the latter must 
therefore be assumed. Consider from this point of view the 
experience of the present year (1855). For weeks longer 
than usual a low temperature had prevented the vegetable 
world from giving any signs of life ; but at lejigth the sun 
gained power, life as a consequence awoke, and it was still 
working to augment the beauty around us. 

^But what is the thing which avc here call life? and how is 
it that light and heat can thus affect it ? The answer to this 
presupposes an answer to the other ^piestion, What are light 
and heat ? Near tlie elm tree stood a birch, tvith its 
tremulous leaves flapiuiig in the morning air. Here Avas 
motion, but it was not tlie motion to which we gave the 
name of life. Each leaf in this case moved as a mass, 
whereas life required an internal motion of tlu) molecules. 
How are we to figure this? Suppose the leaves gifted with 
attractive and repulsive forces, suppose them moreover with- 
drfiAvn from tlie action of gravity, and abandoned to their ovm 
interaction. To fix the ideas, suppose the point of each leaf to 
repel the points of all other leaves and to attract the other ex~ 
tremitics, and the root of each leaf to repel all other roots but 
the points. A number of such leaves Tn-ought together and 
permitted to act upon each other would arrange themselves 
in a particular manner, assuming finally a position in which 
the forces would be in equilibrium. When llius at rest let 
us suppose the breeze 'which now causes them to quiver to act 
upon them, to ruffle them — ^in a word, to disturb the pre- 
existing ecjuilibrium. There would be a constant effort on 
the part of the leaves to rCwStore it, and in making this effort 
they would pass through different arrangements, the entire 
mass of leaves assuming different sliajics ii? the passage from 
one arrangement to another. By this rough image we may 
help oursel^^s to a conception of those processes to which 
we give the name of life. • 

‘ The ultimate particles, or*" molecules, of matter are endowed 
with forces typified by those here ascribed to the leaves. 
Under the operation of such forces the molecules of the seed 
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assume positions of rest, in wliicli they would remain for ever 
.if undisturbed by an external force. But a source of clisturl:»- 
ance exists in tlie heat of the sun, which comes to us in 
undulations througli the ether of space. On the mutually 
locked molecules ol‘ the seed the vibrations eventually impinge ; 
they^and the matter surrounding them are thrown into motion, 
interaction follows, an effort to restore the disturbed c(iuilibrium 
is immediately exerted, but incessantly defeated, and the 
molecular struggle results in’ the formation of the tree. lAfc 
is therefore stnenfljlccillfdejincd as an mecssant effort to restore 
a disturbed eqvilihrinm. 

‘These speculations spring out of no profane curiosity ; they 
are inevitably forced upon tlic pi'ofoundly thinking mind. Let 
us indulge in them witli revcronco, but also with courage; for 
though in thus acting "vve may cause many of the idols of our 
youth to van^^sh, and reduce many mysteries to mechanics, we 
shall assuredly in tlio end leave the miracle of nature unim- 
jiaircd. There is no escape, I say, from thouglits like those. 
Unless we assign to each particular plant an architect who lifts 
the molecules and places them in position, the physical pro- 
cesses of life must bo due to the operation of the _ forces 
wherewith tlui nioleculoKS are endowed. 

‘Who is the liuildcr in the case of a crystal [of the plumes 
in our frontispiece for example] ? Either a detached architect 
does the business, or these wonderful structures are self-erected, 
in virtue of their inlieront forces. In building a crystal nature 
makes her first real effort as an architect. Here we have the 
first gropings of the so-called vital force: but the most 
wonderful manifestations of this force, thougli depending on 
processes of higlicr complexity, arc, I hold, of the same quality 
as those conceriiecf in tlie gi*owtli of a crystal. 

^ TVill tlie j)oet or the imaginative man shrink from these 
notions as cold and mechanical ? Why should hg ? For what 
have fvc done but pushed the eternal mystery a little farther 
back ? We reduce life to the op&ation of molecular forces ; 
but how came the molecules to be thus endowed ? Who or what 
gave to these forces their particular tendencies and direction ? 



LIMITS OF THE INTELLECT. 


261 . 


Let us contemplate tliat cj^clc of operations in whicli tlie seed 
produces t])e^3lant, tlie plant tlie flower, and the flower the seed 
agjiiii, thus returning witli the unerring fidelity of a planet in 
its orbit to the point from which it started. All these pro- 
cesses are undoubtedly due to the action of molecular forces, 
liut wdio or what planned their manner of action ? Who or 
what endowed thorn with the power of taking up at a given 
time a determinate position, to be followed by another and 
another through tlie course of ages ? Yonder butterfly has a 
spot of orange on its wing ; if we look into a book written a 
hundred years ago, where that butterfly is figured, we find the 
selfsame spot upon the wing. Now the spot depends purely 
on the manner in which tlie light falling on and entering the 
wing is discliargcd from it, and this again deT>ends U|jori the 
molecular structure of the wing. For a century, then, the 
molecules have gone through successive cycles ; butterflies 
have been begotten, liavc grown, and <licd, and still we find 
the architecture the siime. Is not this amazing ? And wliat 
is the exj)lanatioii ? We may have a, thousand proximate 
reasons, but at bottom we have no explanation. Still we 
stand firm ^vithiIl our range. Tliere is notliing in the architec- 
ture of that wing wliicli may not yet find its iVewton to show 
that the laws and principles brought into play in its construc- 
tion are (p.inlitatively the same as those brought into play in 
the construction of tlio solai- system. Tlicre is no essential 
distinction between organic and inorganh; ; the forces j>resent 
in the one, wlien duly compounded, can and must produce the 
phenomena of the other. 

‘Tims far do 1 proceed wdtli absolute cunlidencc; and I am 
ready to take a sUip farther. TJje brain of man itself is 
assuredly an assemblage of molecules, arniiigcd according to 
physical laws ; l)ut if you ask mo to deduce from this assem- 
blage the least of the phenomena of sensation or thouglit, I lay 
my forehead in the dust and acknowledge human helj)lessness. 
Here spcciilafion folds her ^vings, for beyond tliis poiirt there 
is no medium to sustain her flight.’ 
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ON thp: spectea of polakized light. 

Mr. AVilliani Spottiswoocle has recently introduced 
to the ineyibers of the Eoyal Institution, in a very 
striking form, a scries of ex23eriments on tlie spectra of 
polarized light. AVith his largo Nicol’s prisms he first 
repeated and explained the experiments of Foucault 
and I'izeau, and subsjequently enriched the subject by 
very beautiful additions of his own. I here append a 
portion of tJie abstract of his discourse : — 

‘ It is well known that if a plate of selenite sufficiently thin 
be placed Ijetweon two such Nicol’s prisms, otj more technically 
speaking, between a polarizer and analyzer, colour will be 
produced. And the question proposed is, What is the nature 
of that colour ? is it simply a jmre colour of the siiectrum, or 
is it a compound, and if so, what are its component parts? 
The answer given 1 >y the wave theory is in brief this : In its 
passage through tlic selenite plate the rays liave been so 
separated in the direction of their vibrations and in the 
velocity of their transmission, that, when re- compounded by 
means of the analj^zor, they have in some instances neutralized 
one another. If this be the case, the fact ought to be visible 
when the beam emerging from the analyzer is dispersed by 
tlie prism ; for then we have the rays of all the ililFerent 
colours ranged side by side, and if any bo wanting, their 
absence will bo shown by the apj^earanco of a dark band in 
their place in the spectrum. But not only so ; the spectrum 
ought also to give, an account of the other idienoineRa ex- 
hibited by tlie selenite when the analyzer is turned round, 
viz. that when the angle of turning amounts to 45° all trace 
of colour disjippears ; and also that when the an^e amounts 
to 90°*tolour reappears, not, liowe^ver, the original colour, but 
one coinplcuientary to it. 

^ You sec.in the sjjectrum of the reddish light produced by 
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the selenite a broad bnt dark band in the blue ; when the 
analyzer is ttlrned round the band becomes less and less dark, 
until when the angle of turning amounts to 45*^ it has entirely 
disappeared. At this stage each part of the spectrum has its 
own proportional intensity, and the whole produces the 
colourless image seen without the spectroscope. liaatlj^ as 
the turning of the analyzer is continued, a dark band appears 
in the red, tlui part of the spectrum complementary to that 
occupied by tlie first l.)and ; and the darkness is most complete 
when the turning amounts to 1)0®. yhiis we liave from the 
spectroscope a complete account of what has taken place to 
produce the original colour and its changes. 

* It is further well known that the colour produced by a 
selenite, or other crystal plate is dependent upon the thickness 
of the plate. And, in fact, if a series of plates be taken, 
giving diiferent colours, their spectra arc found to sliow bands 
arranged in diflerent positions. The thinner plates show bands 
in the parts of the spectrum nearest to the violet, where the 
waves are shorter, and consequently give rise to redder 
colours ; while the thicker show bands nearer to tlie red, 
where tlie waves are longer, ;ind consequently supply bluer 
tints. 

* When the thickness of the plate is continually increased, 
so that the colour produced h«as gone through the complete 
cycle of the spectrum, a further increase of thickness causes a 
reproduction of the colours in the same order ; but it will be 
noticed that at each recurrence of the cycle the tints become 
paler, until wlien a number of cycles have been performed, 
and the thickness of the plate is considerable, all trace of 
colour is lost. Let us now take a series of plates, the first two 
of which, as you see, give colours ; with tlje otliers which are 
successively of greater thickness the tints are so feeble that 
they can scjircely be distinguislied. Tlie spectrum of the first 
shows a single band ; tliat of the second, two ; showing that 
the second series of tints ir# not identical with the firftt, but 
that it is produced by the extinction of two colours from the 
components of white light. The spectra of tho others show 



2^4 APPiCNDlX. 

Beries of bands more and more numerous in proportion to the 
thickness of the plate, an array which may be inoreased hide-, 
finitely. The total light, then, of which tlie spectrum is 
deprived by the thicker plates is taken from a greater number 
of its parts ; or, in other words, the light which still remains 
is distributed* more and more evenly over tlie spectrum ; and 
in the same proportion the sum total of it approaches more 
and more nearly to white light. 

‘ These experiments were piade more than thirty years ago 
by the French philosophers, MM. Foucault and Fizeau. 

‘ If instead of selenite, Iceland s])ar, or otlicr ordinary crystals, 
we use plates of quartz cut perpendicularly to the axis, and 
turn the analyzer round as bcibre, the light, instead of exhibit- 
ing only one colour and its complementary with an interme- 
diate stage ill whicli colour is absent, changes continuously in 
tint ; and the order of tlie colour depends partly upon the 
direction in which the analyzer is turned, and partly upon 
the character of the crystal, ix, whether it is right-handed or 
left-handed. If wo examine the spectrum in this case we 
find that the dark band never disappears, but marches from 
one end of the spectrum to another, or vice versa j precisely 
in such a direction as to give rise to the tints seen by direct 
projection, 

* Tlie kind of polarization effected by the (jnartz plates is 
called circular, while that efiected by the other class of crystals 
is called plane, on account of the form of the Anbrations exe- 
cuted by tlie molecules of sctlier; and this loads us to ex- 
amine a little more closely the nature of the polarization of 
different parts of these spectra o£ polarized liglit. 

* Now, two things are clear : first, that if t he light be plane- 
polarized, that is, if all the vibrations througliout the entire 
ray are rectilinear and in one plane, they must in all their bear- 
ings have reference to a particular direction in space, so that 
they Avdll be differently affected by different positions of the 
analyzdit. Secondly, that if the wbrations be circular, they 
will be affected in precisely the same way (whatever that may 
be) in all positions of the analyzer. This statement merely 
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recapitulates a fundamental point in polarization. In fact, plane- 
polarized li^t is alternately transmitted and extinguished 
by the analyzer as it is turned through S)0° ; whWo circularly- 
polarized light [if we could get a single ray] remains to all ap- 
pearance unchanged. And if we examine carefully the spectrum 
of liglit which has passed through a selenite, or otlier ordinary 
crystal, we shall find that, commencing with two consecutive 
bands in position, the parts occupied by tlic bands and those 
midway between them are plane* polarized, for tlio}^ l)ocomc 
alternately dark and bright ; while th« intermediate i)arts, z.e, 
the parts at one-lburth of the distance from one band to the 
next, remain permanently bright. These are, in fact, circu- 
larly polarized. But it would be incorrect to conclude from 
this experiment alone that such is rc'ally tlic case, because the 
same appearance would bo seen ifthoseparts v^erc iinpnlariml^ 
/.<?. in the condition of ordinary lights. And on sucdi a sup- 
position we should conclude with cfpial justice that the parts 
on either side* of the parts last mentioned (<;.//. tho parts 
separated by eighth parts of the interval between two bands) 
were j«irfcially polarized. But there is an instrument of very 
sirnjde construction, called a (piartcr-unduLation j)late,’* a 
plate usually of mica, whose thickness is an odd multiple of a 
quarter of a wave length, which enables us to discriminate 
between light unpolarized and circularly polarized. The 
exact mechanical clfect produced upon tlic ray could Iiardly 
be explained in detail within our present limits of time ; but 
suffice it for the present to say tluit when placed in a jiroper 
position, the plate transforms plane into circular and circular 
into ]>lanc polarization. That being so, the parts which were 
originally banded ought to remain bright, and thoso which 
originally remained bright ought to become^ banded during the 
rotation of tlie analyzer. The general effect to the eye Avill 
consequently be a general shifting of the bands through one- 
fourth of the f?pace which separates eacli pair. 

* Circular polarization, like circular motion generally, may 
of course be of t'wo kinds, which differ only in tlie direction 
of the Uiotion. And, in fact, to convert the circular polariza- 
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tion produced by this plate from one of these kinds to the other 
(say from right-handed to left-handed, or ince^ versa), we 
have only to tiini the plate round throiigli 90°. Conversely 
right-handed circular polarization will be changed by the 
plate into plane polarisation in one dirjpction, while left- 
handed will be changed into plane at right angles to the first. 
Hence, if tlie plate be turned round through 90° wc shall see 
that the hands are shifted in a direction opposite to that in 
which they wore moved at ‘ first. In this therefore we have 
evidence not only tliat the polarization immediately on 
eitlier side of a band is circular ; but also that that imme- 
diately on the one Slide is right-handed, while that iminedi- 
atel}^ on the other is left-handed. [*] 

‘ If time ])Gnnittcd, I might enter still further into detail, 
jiifd slio'w that the polarization between the plane and the 
circular is elliptical, and even the positions of the longer and 
shorter axes and the direction of motion in each case. But 
su/Kciont has, perhaps, been said for our present purpose. 

‘ Before proceeding to the more varied forms of spec- 
tral bands, which I hope presently to bring under your 
notice, I should like to ask your attention for a few 
minutes to the peculiar phenomena exhibited when two 
plates of selenite giving complementary colours arc used. 
The appearance of the spectrum varies with the relative 
position of the plates. If they are similarly placed — that is, as 
if they were one plate of crystal — they will behave as a single 
plate, whose tliickrujss is the sum of the thicknesses of each, 
and \\rill produce double the number of btiuds which one alone 
would give ; and wlien the analyzer is turned, the bands will 
disaj^pcar and rc-appear in their complementary jiositions, as 
usual ill the case of plane-polarization. If one of them be 
turned round through 45°, a single band will be seen at a 

p At theso points tlio two rectangular vibrations into which tho 
originals polarized ray is resolved by {ho plates of gypsum act upon 
each otlier like the two rectangular impulses imparted to our pendulum 
in Lecture IV., one b(u'ng given when tho pendulum is at tho limit 
of its swing. Vibration is thus converted into rotation.] 
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particular position in the sj>ectrum. This breaks into two, 
which recede from one another towards the red and violet 
ends respectively, or advance towards one another according 
to the direction iii which the analyzer is turned. If the plate 
be turned through do*" in the opposite direction, the efFects 
will be reversed. The darkness of the bands is, however, not 
equally complete during their whole passage. L«‘istly, if one of 
the plates be turned through 90®, no bands will be seen, and 
the spectrum will be alternately bright and dark, as if no 
plates were used, except only that tjie polarization is itself 
turned througli 90®. 

^ If a wedge-shaped crystal be used, the bands, instead of 
being straight, Avill cross tlic spectrum diagonally, the direc- 
tion of the diagonal (dexter or sinisler) being tletcrmined by 
the position of the thicker end of the wedge. If two siiuiiiag^ 
wedges be used witli tlioir thickest ends together, they will 
act as a wedge whose angle and whose thickness is double of 
the first. Tf tliey l)e placed in the reverse position they will act 
as a flat plate, and tlu*, bands will again cross the spectrum in 
straight lines at riglit iingles to its length. 

‘ If a concave plate be used the bands will dispose them- 
selves in a iiinliko arrangement, their divergence depending 
upon the distance of tljc slit from tlie centre of concavity. 

‘ If two <|uartz wedges, one of which has the optic axis 
parallel to tlie edge of the refractory angle, and the other 
perpendicular to it, but in one of the planes containing the 
angle (Bal)inct’s Compensator), the ap2)earances of the bands 
are very various. 

‘ The diagonal bands, beside sometimes doubling tlieinsclvcs 
as with ordinary w edges, sometimes combine lo as to form 
longtitudinal (instead of transverse) bamjs ; and sometimes 
cross one another so as to form a diaper pattern witli bright 
compartments in a dark framework, and vice versdy according 
to the posifion of the plates. 

‘ The effects of different #dispositions of the interposed ciys- 
tals might be varied indefinitely; but enough has perhaps 
been said to show the deliwicy of the method of spectrum 
analysis as applied to the examination of polarized light.* 
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Tlie singular and beautiful effect obtained with a 
circular plate of selenite, thin jxt the cfentre, and 
gradually thickening towards tlie circumference, is 
easily connected witli a similar effect obtained with 
Newton’s rings. Lot a thin slice of liglit fall upon the 
glasses which sliovv the rings, so as to cover a narrow 
central vertical zone passing tli rough them all. The 
imngo of this zone upon the screen is crossed by por- 
tions of the iris rings. Subjecting the reflected beam 
to prismatic analysis, the resultant spectruiri may be 
regarded as an indefinite number of images of tlie zone 
placed side by side. In the imag;e before dispersion 
we have the extinction of the light being 

\‘f5y;vhere complete; but wlien tlui diflerent colours are 
separated by dispersion, each colour is crossed trans- 
versely liy its own system of dark interference bands, 
which become gradually closer with the increasing 
refrangiliility of the light. The complete spectrum, 
therefore, appears furrowed liy a system of continuous 
dark bauds, crossing the colours transversely, and ap- 
proaching each other as they pass from red to blue. 

In the case of tlie plate of selc‘uite, a slit is placed 
in front of the jiolarizer, and the iilrn of selenite is 
held close to the slit, so that tlie liglit passes through 
the central zone of the film. As in the case of Ni^w- 
ton’s rings, the image of the zone is crossed by iris- 
coloured liands ; but wlicn subjected to prismatic dis- 
persion, the light of the zone yields a spectrum furrowed 
hy bands of complete darkness exactly as in the case of 
Newton’s rings, and for a similar reason. TJiis is the 
beautiful effect described liy Mr. Spottiswoode as the 
fan-like arrangement of the bands — the fan opening 
out at the red end of the spectrum. 
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